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Presenter Notes
Presentation Notes
Today I will discuss sources and variations in dissolved bromide that are of concern in the treatment of drinking water. My work on bromide originated with using bromide, along with other inorganic constituents in water for fingerprinting saltwater contamination sources. I would like to acknowledge Tony Stahl of KDHE, and Greg Totzke and Bryce Hatfield of WaterOne, Joey Filby of Topeka, and Thomas Williams of the USGS who provided water-quality data, and Josh Olson and Richard Rockel of the Water Office who have been involved in the Kansas River Water Quality Group and surface water quality.


BROMIDE IN DRINKING WATER ISSUE

Formation of disinfectant byproducts that are of
generally greater health concern than chlorine
byproducts:

 Disinfectant chlorine can oxidize dissolved
bromide to a form which then can brominate
organics in water to produce trihalomethanes,
haloacetonitriles, and haloacetic acids.

* Disinfectant ozone can oxidize dissolved
bromide to bromate. Drinking water standard for
bromate is 10 pg/L (0.010 mg/L).



Presenter Notes
Presentation Notes
The issue of bromide in drinking water is that in high enough concentrations it leads to the formation of disinfectant byproducts that are of generally greater health concern than chlorine byproducts. Disinfectant chlorine can oxidize dissolved bromide to a form which then can brominate organics in water to produce trihalomethanes, haloacetonitriles, and haloacetic acids for which there are maximum levels allowed in drinking water. Disinfectant ozone can oxidize dissolved bromide to bromate, also of concern in drinking water. WaterOne is a public water utility in the suburban area southwest of Kansas City serves almost a half million people, about 1/6th of the population of Kansas. WaterOne uses a chloramine addition to mitigate some of the bromate formation when the bromide concentration in the water supply is over 0.1 mg/L or 100 µg/L. Once the bromide exceeds 140 µg/L or 0.14 mg/L or they may no longer be able to maintain ozone disinfection and remain below the maximum contaminant level (the MCL) for bromate even with mitigation measures.


KANSAS RIVER WATER QUALITY GROUP
Coordinated by the Kansas Water Office

Participants include:

Water supply systems using Kansas River water
(WaterOne, Manhattan, Topeka, Lawrence, De Soto,
Olathe)

State agencies (KWO, KDHE, KGS)
Federal agency (USGS)
Non-governmental agencies (FOK, TNC)
Companies (Evergy, B&V)

University (KU)



Presenter Notes
Presentation Notes
The Kansas River Water Quality group has been meeting recently to discuss the issue of bromide in drinking water and approaches to manage or predict its concentration in water sources. The group meetings are coordinated by the Kansas Water Office. Participants in the group include public water supply systems, state agencies, the USGS, companies, non-governmental agencies, and the University of Kansas.


BROMIDE SOURCES IN WATER SUPPLIES

Natural sources:

« Leaching of plant material, soils, rocks

« Saltwater intrusion from subsurface formations
« Seawater intrusion along coasts

Anthropogenic sources:

« Oil and gas production brine

« Coal-fired power plant wastewater

* Dissolved mined salt for road deicing and water softening

« Remnant bromide from bromide compounds used for
controlling pests and as an additive in leaded gasoline

Evapotranspiration of water increases concentration

Solute exclusion by ice formation increases concentration



Presenter Notes
Presentation Notes
Natural sources of bromide in water supplies include saltwater intrusion from subsurface formations to groundwater and surface water resources, such as occurs in Kansas, and seawater intrusion along coasts. Anthropogenic sources include oil and gas production brine, coal-fired power plant wastewater, dissolved mined salt used for road deicing and conventional water softening units, and remnant bromide from bromide compounds formerly used for controlling pests and as an additive in leaded gasoline, all of which we have in Kansas. Most brominated pesticides are no longer allowed. Tetraethyl lead used to be added to gasoline to prevent knocking. Brominated organic compounds were added to leaded gas to scavenge lead to prevent the buildup of lead in the motor. The use of brominated scavengers in leaded gas started in 1925. Leaded gas used by vehicles peaked in the early 1970s in the U.S. and decreased to zero by around 1987. Large amounts of vaporized bromide compounds such as methyl bromide were emitted to the atmosphere, which, after being deposited with atmospheric dust and washed by precipitation from the atmosphere, and then decomposing, increased bromide concentration at the surface and in the subsurface. It is certainly good that we no longer use leaded gasoline and most bromide pesticides. Evapotranspiration of water increases the concentration of dissolved salts, including bromide. For example, irrigation return flow has dissolved solids and bromide concentrations that can be substantially greater than in the source water. Industrial wastewater remaining after consumption of a substantial amount of water by evaporation can also have an elevated bromide concentration. Solute exclusion during ice formation increases the bromide concentration in the unfrozen water.


BROMIDE IN WATER

Bromide concentration range in freshwater to saltwater:
0.001 — 0.1 mg/L (1 -100 upg/L), usually <0.05 mg/L (<50 ug/L)
Up to over 6,000 mg/L in formation brines and salt lakes

Bromide/chloride mass ratio ranges widely:

General range
Br/Cl x
Water Type Cl, mg/L 10,000

Precipitation . 01-100  |20-3000
Fresh surface water and groundwater mm

19,400
Salt dissolution brine 10,000 - 250,000 | 0.6-5 |
Oil and gas formation brine <10,000 - 270,000 | 5-400



Presenter Notes
Presentation Notes
Bromide concentrations range widely in water, from less than 0.1 mg/L or 100 µg/L in very fresh water up to over 6000 mg/L in formation brines and salt lakes. The bromide/chloride mass ratio, represented here as multiplied by 10,000, also ranges widely. The ratio can be relatively high in precipitation and in some freshwaters. The ratio in salt dissolution brine is low. Oil and gas formation brines have ratios that are greater than salt dissolution brines, and the ratios can be both lower and higher than seawater.


		



Water Type

		General range



		

		

Cl, mg/L

		Br/Cl x 10,000



		Precipitation

		0.1 - 100

		20 - 3000



		Fresh surface water and groundwater

		0.1 - 100

		3 - 1000



		Average seawater

		19,400

		34.7



		Salt dissolution brine

		10,000 - 250,000

		0.6 - 5



		Oil and gas formation brine

		<10,000 - 270,000

		5 - 400








Bromide Concentration versus Discharge in Kansas River
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Presenter Notes
Presentation Notes
A plot of bromide concentration versus Kansas River discharge near the WaterOne intake indicates that the correlation is statistically highly significant. However, the coefficient of determination or R-squared of 0.53 indicates that the variation in river flow only explains about half of the variation in the bromide concentration. For example, bromide concentration can range from greater than 0.2 mg/L to less than 0.05 mg/L at a discharge of about 2,000 cfs. Thus, other factors are important in controlling bromide levels.
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Presenter Notes
Presentation Notes
Now let’s look at variations in bromide and chloride concentration relative to flow in the Kansas River. This graph displays green dots for the bromide concentration as mg/L during 2022 in the Kansas River at the WaterOne supply intake near Lake Quivira and at De Soto about 15 channel miles upstream. The blue line is the flow in the Kansas River at the USGS gaging station near the WaterOne intake. Note that the bromide concentration is greater than 0.1 mg/L or 100 µg/L, the level at which WaterOne adds chloramine to mitigate bromate formation, and above 0.14 mg/L or 140 µg/L, the level at which it may be difficult to mitigate bromate formation, for many days during 2022. Note that the bromide concentration is generally greater for periods of low flow and lower for high flows, as would be expected for the low dissolved solids concentration of precipitation and freshwater runoff.


Bromide, Chloride, and Discharge in Kansas River 2023-2024
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Presenter Notes
Presentation Notes
This figure shows a graph similar to that in the previous slide except that the data area for 2023 to early 2024. The axis used for the Kansas River flow is the same as for 2022. The flow peaks were substantially smaller for 2023 then in 2022. Note that even relatively small changes in river flow cause a substantial variation in bromide concentration. Again, lower concentration generally occurs during higher flow and higher concentration during lower flow.


KANSAS RIVER WATERSHED
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Presenter Notes
Presentation Notes
Now we will look at different sources of water and dissolved constituents in the Kansas River system. This is a map of the Kansas River watershed in Colorado, Nebraska, and Kansas. The major tributaries to the Kansas River are the Smoky Hill River, which includes the Solomon and Saline rivers, the Republican River, and the Big Blue River, which includes the Little Blue tributary.



KANSAS RIVER WATERSHED
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Oil-field brine contamination to Smoky Hill and Saline rivers



Presenter Notes
Presentation Notes
A substantial amount of saltwater naturally intrudes from subsurface formations into alluvial aquifers and then into tributaries of the Kansas River. Saltwater from underlying Permian strata intrudes into parts of the Smoky Hill and Solomon rivers in the area near the junction of these two rivers in central Kansas between Salina and Abilene. Saltwater from Dakota aquifer strata intrudes into the Solomon, Saline, Smoky Hill, and Republican rivers in central and north-central Kansas. The origin of the saltwater in the Dakota strata is underlying Permian rock. The natural saltwater is derived from dissolution of rock salt and has a relatively low bromide/chloride ratio. Some oil-field brine contamination is present in the Smoky Hill and Saline rivers and their tributaries, mainly from past activities when the control of the saltwater brought up with the oil and gas was not nearly as good as it is now. The bromide/chloride ratio of this saltwater contamination is substantially greater than the natural Permian and Dakota saltwater. However, the amount of the contamination is much smaller than the natural saltwater intrusion. Bromide accompanies the chloride in the river water, so in general, the higher the chloride concentration, the higher the bromide concentration. The Smoky Hill River watershed contributes the greatest bromide loads of any of the major tributaries to the Kansas River. In the areas of the eastern watershed to the east of the confluence with the Big Blue River, smaller tributaries can have low levels of saline water intrude into them during dry periods from Paleozoic bedrock containing diluted formation water similar to the seawater in which the sediments were deposited, particularly after a previous wet period.


Bromide/chloride x 10,000

200

100

(9]
o
lllllll

I

N
o

-
o
T oo

)

I

N
I

KDHE Data

Smoky Hill R Enterprisew
Republican R Clay Center

Big Blue R Blue Rapids
Kansas R Wamego

o 4+ & X ¢

Kansas R Kansas City

IIIlIII

1

l

l

-
o

20

50

100 200 500
Chloride, mg/L



Presenter Notes
Presentation Notes
This is a graph of the bromide/chloride ratio versus chloride concentration for water samples from the Kansas River at Wamego and Kansas City and the three major tributaries to the Kansas River, the Smoky Hill, Republican, and Big Blue rivers based on older KDHE data. The axes in the plot are logarithmic, which helps spread out the data to improve visualization. Each of the two curved lines is a mixing curve calculated from the mixing of different proportions of two end members, a low chloride and a high chloride end member. The two mixing curves bound a mixing zone between freshwater and saltwater. The freshest tributary waters are generally from the Big Blue River, the purple diamonds; the chloride concentrations for all of the Big Blue River samples plotted on this graph were less than 50 mg/L. Freshwaters with less than 50 mg/L chloride are common in the Republican and Kansas rivers, but not the Smoky Hill River, the red diamonds. The chloride concentration in the Smoky Hill River near Enterprise to the east of Abilene is typically over 200 mg/L and can approach 1000 mg/L. The chloride concentration for many of the samples from the Kansas River at Wamego and Kansas City are around 100 mg/L or above and derive most of their chloride from mixing with saline Smoky Hill River water. The bromide/chloride ratio decreases from freshwaters to the saline water as indicated by the mixing zone. 
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Presenter Notes
Presentation Notes
This figure displays points for river water samples collected during 2021 through the early part of 2024. Points for the Republican and Big Blue rivers, the open diamond and open square symbols, are at chloride concentrations around 50 mg/L and 30 mg/L, respectively. Most of the points for the Smoky Hill River and its tributaries and the Kansas River upstream of the confluence with the Big Blue River are at chloride concentrations greater than 200 mg/L. The spread of the chloride concentrations for the Kansas River at Wamego, Topeka, and the WaterOne intake near Lake Quivira are caused by various mixtures of freshwater with the saline water from the Smoky Hill River.
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Presenter Notes
Presentation Notes
In a gaining stream groundwater flow into a stream along curved flow lines. The higher the groundwater level underlying the land area adjacent to the stream channel the greater the flow from deeper underlying the stream due to the greater pressure of the higher water level. Saltwater in the Permian bedrock underlying the alluvial aquifer in the Smoky Hill River valley between Saline and Abilene intrudes into the aquifer. The saltwater concentration is greater in the deeper part of the alluvial aquifer than in the shallow portion of the aquifer. When the groundwater level rises due to a very wet period, more saltwater in the lower part of the alluvial aquifer can be pushed into the river after the river level falls following surface runoff and soil flow into the river.
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Presenter Notes
Presentation Notes
The U.S. Geological Survey conducted substantial sampling of the Smoky Hill River back in the 1950s through the early 1990s. This graph illustrates the effect of the increased intrusion of saltwater from the lower part of the alluvial aquifer due to a rise in the groundwater level from recharge during a very wet period after the river flow has had time to decrease. The chloride concentration before the large increase in flow in the river is shown by the blue points in mid-April to mid-May. The red x point show the great decrease in chloride concentration from the large increase in flow in the river from the substantial rain in late May that diluted the chloride in the runoff. The high river level also pushed water into the alluvial aquifer as bank storage so saline water in the alluvial aquifer did not intrude into the river. When the river flow dropped following the peak flow event during June through October, the higher groundwater level adjacent to the river pushed saltwater from deeper in the alluvial aquifer into the river and the chloride increased to concentrations almost twice that preceding the high river flow event.
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Presenter Notes
Presentation Notes
This graph shows points for KDHE data for small tributaries entering the Kansas River from downstream of Wamego to Kansas City. The tributaries are listed in downstream order. Samples from the three most upstream tributaries, Vermillion Creek, Mill Creek near Maple Hill, and Soldier Creek all had chloride concentrations less than 30 mg/L. Samples from Stranger Creek also had chloride less than 30 mg/L. These creeks all flow through rural areas. The creeks or rivers that pass through or by urban or suburban areas all had higher chloride concentrations, especially Shunganunga Creek at Topeka, Cedar Creek near Cedar Junction, and Mill Creek near Shawnee. Mill Creek had chloride concentrations that exceeded 300 mg/L; the low bromide/chloride ratio for the highest chloride concentrations for Mill Creek and the winter to early spring sampling dates indicate that road salt is the most probable cause. The bromide/chloride ratios for Shunganunga Creek samples were particularly high; the bromide concentration exceeded 0.2 mg/L in several samples and was as high as 0.25 mg/L. Saline water in these small tributaries to the Kansas River can contribute significant bromide to the Kansas River during certain instances, although not as much as the Smoky Hill River.
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Presenter Notes
Presentation Notes
This is a slide I showed earlier for 2022. I will now explain what I think is causing the period of high bromide concentration during the later summer and early fall of 2022. The wet period that caused the very high flow in the Kansas River in late May to early June also recharged groundwater in the eastern part of the Kansas River watershed. The dry period in August through the early fall resulted in the decline of flow in small tributaries to the river. The pressure from the higher groundwater level in the region with Paleozoic bedrock in eastern Kansas caused the discharge of slightly saline water from the bedrock into the tributaries and then into the Kansas River. That slightly saline water has a substantially higher bromide/chloride ratio than the saltwater from the dissolution of salt that enters the Smoky Hill River.
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Presenter Notes
Presentation Notes
This is a slide I showed earlier for 2023 to early 2024. The bromide concentration on January 22 is the highest observed by WaterOne during 2021-2024. The most probably cause is solute exclusion during ice formation such that the dissolved solids increased in the unfrozen water in small and large tributaries to the Kansas River as well as in the river itself. Although the chloride concentration also increased in the streamflow, the ionic radius of bromide in water is greater than that of chloride so that bromide would be excluded more from the ice than chloride, so its concentration increase was greater. As the water affected by the ice formation flowed downstream past the WaterOne intake and then rain and melting occurred, the bromide concentration of January 26 and 29 dropped to appreciably below earlier in January.
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Presenter Notes
Presentation Notes
This is a map of sampling sites for two different periods of low and consistent flows for which I used chemical data to estimate bromide loads in the major tributaries to and in the Kansas River. The sites include the Smoky Hill and Republican rivers near Junction City, the Big Blue River near Manhattan, and the Kansas River at Wamego, Topeka, and the WaterOne intake.
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BROMIDE LOAD CONTRIBUTIONS TO KANSAS RIVER
December 2-6, 2021

Br | Flow |Brload|Load % of KS R.
River mg/L |ft3/sec| g/sec | nr Lake Quivira
Smoky Hill River at Junction City 0.292| 422 3.50 56.3
Republican & Big Blue rivers + (16.9)
(Wamego minus Junction City load) '
Kansas River at Wamego 0.178| 902 4.55 73.2
Kar_ls_as Ri_ver nr Lake Quivira (Lake 0.160| 1370 | 6.21 (26.8)
Quivira minus Wamego load)
March 3-7, 2022
Br | Flow |Brload|Load % of KS R.
River mg/L |ft3/sec| g/sec | nr Lake Quivira
Smoky Hill River + (Wamego minus (47.1)
Republican and Big Blue rivers) '
Republican River nr Junction City [0.116| 87.8 | 0.29 3.0
Big Blue River nr Manhattan 0.081| 416 0.96 10.0
Kansas R at Wamego 0.188| 1080 | 5.76 60.1
Kansas River at Topeka 0.193| 1565 | 8.57 89.4
Kansas R. nr L. Quivira (load diff.) [0.187| 1810 | 9.58 (10.6)
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Presenter Notes
Presentation Notes
The table for load contributions lists the bromide concentration, river flow, bromide load, and the percent of the load contributed to the Kansas River at the WaterOne intake near Lake Quivira. The percentages in parentheses are calculated from the difference in loads between sampling locations. Note the high bromide concentration of the Smoky Hill River at Junction City in early December, 0.292 mg/L or 292 µg/L, which was more than double the level above which WaterOne may no longer be able to maintain ozone disinfection and remain below the MCL for bromate even with mitigation measures. The bromide concentration then decreased to 0.16 mg/L by the WaterOne intake, which is still over the WaterOne threshold. In early March, the bromide concentration in the Big Blue River was the lowest of the samples, and the concentration in the Kansas River was substantially greater than in the Republican and Big Blue rivers, indicating the major input of the Smoky Hill River. The bromide loads increased downstream in the Kansas River for both early December and March as a result of the greater flows downstream. The Smoky Hill River contributed over 50% of the load in December and, by difference, nearly 50% in March. The combined contribution of the Republican and Big Blue rivers was 13% in March and by difference, less than 17% in December. About 27% of the load at the WaterOne intake entered the Kansas River downstream of Wamego during December and about 40% in March (100% at the WaterOne intake minus 60% at Wamego).


MANAGEMENT OF BROMIDE ISSUE

« Mix Kansas River water with other water sources
WaterOne mixes with Missouri River water

* Predict conditions with higher bromide concentration

Determine flow mixtures from tributaries to Kansas
River using bromide load variations in different
watersheds, river flow, and flow travel time

Determine special conditions such as ice formation

Use monitored specific conductance and
conductance-bromide relationship at upstream USGS
gaging stations and chemical travel time in river from
USGS studies

« Control of contamination with high bromide input to
rivers and tributaries
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Presenter Notes
Presentation Notes
One approach to management of the bromide issue is to mix Kansas River water with another water source, such as from another river or from groundwater wells in the alluvial aquifer that do not draw water from under or very close to the river. WaterOne is able to mix Missouri River water, which has a much lower bromide concentration than in the Kansas River, to lower the bromide level in their water supply. Another approach is to predict conditions with higher bromide concentration in the Kansas River in order to have early warning of when mitigation measures are needed. This could involve determining flow mixtures from the different major tributaries to the Kansas River based on past information on bromide concentrations, flow, and flow travel time. However, this is difficult due to the complex relationships between flow and bromide concentration in the tributaries, especially the Smoky Hill River. Special condictions such as substantial ice formation can alert water supply systems to possible bromide increase. The U.S. Geological Survey is currently monitoring specific conductance at selected gaging stations on the Kansas River such as at De Soto. They are developing the relationship between conductance and bromide concentration and could use that, along with a study they are conducting of chemical travel time in the river, to predict bromide concentration at a water intake. This is a much simpler method than the first of the prediction approaches. Lastly, efforts could be made to decrease the amount of bromide contamination to the watershed, such as tighter controls on oil-field brine transport and disposal, consideration of management of road salt inputs to the river from urban areas, discouragement of the use of conventional water softening units by residents in cities that already soften the water supply, and mitigation of possible industrial wastewater sources to sewage effluents and stormwater systems.


CONCLUSIONS

Major bromide sources in rivers in Kansas are from
natural saltwater intrusion, oil-field brine, deicing and
water-softener salt (and other wastewater sources?).

Estimated contributions to bromide loads in the
Kansas River near Lake Quivira during low flow:
Smoky Hill River watershed ~50%
Republican and Big Blue rivers combined ~10-16%
Small tributaries to Kansas River ~25-40%

Management of bromide in the Kansas River could be
difficult (control of bromide contamination sources).

High bromide concentration in the Kansas River could
be predicted from upstream monitored specific
conductance and chemical travel time in river, and
special conditions such as ice formation.
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Presenter Notes
Presentation Notes
The major bromide sources in rivers of Kansas are from natural saltwater intrusion, oil-field brine, and deicing and water-softener salt. The importance of additional contamination sources, such as coal-fired power plant wastewater that is a significant source in some eastern states, and industrial wastewaters that undergo substantial concentration of dissolved solids from evaporation is unknown in Kansas. Evapotranspiration concentration of irrigation waters could be a contributor to higher bromide concentration, especially from rainfall flushing events following dry periods. Contributions to bromide loads in the Kansas River at the WaterOne intake are primarily from natural salt intrusion to the Smoky Hill River, about 50% during low flow. The input from the Republican and Big Blue rivers is relatively small in comparison. Contributions from small tributaries to the Kansas River downstream of Wamego are important and can be about 25 to 40% of the bromide load at the WaterOne intake. Causes of high bromide concentration in that easternmost part of the Kansas River watershed may include that flow from small tributaries receiving discharge of groundwater with high bromide concentration from Paleozoic rock during drought following a substantial wet period. Management of bromide by controlling contamination sources could be difficult but should still be considered. Prediction of periods of high bromide concentration in the Kansas River could provide a warning to water supply systems for mitigation measures. This could be done by using USGS monitored specific conductance, a conductance-bromide concentration relationship, and chemical travel time in the river.
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Presenter Notes
Presentation Notes
Smoky Hill-Saline Regional Advisory area
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