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COMPLYING WITH THE D-DBP RULE

implications for IItIP formation
The results of these studies of the Sacramento-

San Joaquin River Delta demonstrate that
DBP control strategies should include

watershed management as well as treatment
processes in other regions of the United States.

" i Stuart W. Krasner, Michael J. Sclimenti,
~,:4 and Edward G. Means

~ aximum conta- removal criteria. The rule will control individual
"~ draft Disinfec- THMs (and other individual DBPs) through the MCLs

" Rule are 80 for TrHMs and HAAS and the DBP precursor con-
pg 60 Bg/L for trol requirement. (Because bromodichloromethane
the sum of five haloacetic
acids (HAAS), and 10
pg/L for bromate.1 In
addition, utilities that use
surface waters will be
required to remove DBP
precursors through en-
hanced coagulation or
softening. The removal of
total organic carbon
(TOC) is to be used as an
indicator of treatment
performance for compli-
ance with the precursor
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~R~ver Delta

which

a major
-, .i~.~t,e.~.s.~__"~ California

as an example of the
types of studies that can
be performed to deter-
mine the source of pre-
cursors so that regional
systems can be devel-
oped for DBP precursor
control.

The delta
The San Francisco

Bay and Sacramento-
San doaquin River Delta
is a source of drinking

poses a greater potential cancer risk [Table l] thanwater for 20 million Californians. Sacramento River
chloroform, the US Environmental Protection Agencywater above the delta typically contains 1-2 mg/L
had considered regulating individual THMs.) TOC and <---0.02 mglL bromide (Br-). However,

During development of the D-DBP Rule, the issuewater pumped from the delta to utilities in North-
of watershed management for the control of DBPern and Southern California typically contains 3-7
precursors was discussed. The draft rule, however,mg/L TOC and 0.1-0.5 mg/L Br-. This degradation
has no specific provisions for watershed controlsin water quality presents users of delta water with
Because of statutory limitations as well as the lack ofseveral challenges in meeting disinfection and DBP
control that most utilities have over land use. How-regulations.
ever, watershed protection is highly desirable and A significant source of TOC in delta water is the
should be pursued wherever possible. This articleagricultural tracts of land that are composed of peat

Typical delta water exchange2

- ditch : .... ~ ditch

Seepage
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delta can

formation
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waters from Pyra
are high in both TOC (up this
to 30-50 mg/L) and THM ing
formation potential year;
(THMFP) (up to 5,000 and
pg/L). (Figure 1 illustrates were
agricultural water usage inpu
in the delta.) Whereas bran,
water entering the delta Wat(
can have a THMFP of Calif
-150 pglL, water ex- ~ venti
ported to municipalities ~ S©
can have a THMFP of ~ $or$.
-400 pglL. Studies have
indicated that the agricul- ~ THMs
tural drainage in the delta ° the
during the summer irri- DBP
gation months--as well as in the winter, when chan-.This article presents (1) the results of investiga- Samp
nel waters are used to leach out salts that have built uptions into the effects of seawater intrusion, agricul- age fr
in the soil during the year--can account for up totural drainage, and wetlands management .on delta land,
approximately half the THMFP of exported water.2,3water quality; and (2) their implications for compliance flow,

During drought, high-tide, or low-river-flow con-with pending DBP regulations. Furthermore, the more ment.
ditions, saltwater intrusion from San Francisco Bayglobal implications associated with the effects of Br- Dt
has resulted in higher Br- levels in water exportedand TOC on DBP formation and control are discussed, ducte,

seven
Experimental methods were,

Sample sites. The Sacramento effecl
and San Joaquin rivers upstream tures,protection is highly of the delta were sampled at can b(

and should be pursued Greene’s Landing and Vernalis, a typi 
respectively (Figure 2). delta out- uses fwherever possible, flow was sampled at the  I,O. ¯ meet,
Banks pumping plant (Figure 2). Lead
Greene’s Landing is approximately boric.

from the delta (rising as high as 0.8 rag/L). This has led 10 mi downstream from the city of Sacramento and buffe]
to an increase in TrHMs as well as a shift to more has variable levels of ammonia as a result of waste- maim
brominated species. Alternatively, ozonation of this water discharges. Therefore, for one study in which ~ sodim
water can produce bromate, ammonia-free water was required, the Sacramento befor~

In order to control DBP levels in disinfected delta River was sampled upstream of the city. Three repre- San
waters, Californians have examined various options.4 sentafive agricultural drains in the delta were sam- organ.
These include utilizing alternative water transfer facil- pled: t~mpire T~act (on peat soil), Upper Jones (on ¯
ities; changing land management practices in the delta; more mineralized soil), and Bacon Island (intermedi- _~
building raw-water storage reservoirs; and implementing ate in soil quality) (Figure 2).
alternative treatment plant operations. For example,In a parallel delta salinity study, 20 locations were !~: Wb
one alternative land management practice under con-typically sampled. These sites were sampled periodi- . the sa
siderafion involves switching agricultural tracts of landcally~as often as weekly. Sample sites included chan- a free.
to seasonal wetlands to provide needed wetland habi-nel waters in the western delta that were affected by tion,
tats. A series of tests has been performed to evaluate thesaltwater intrusion, fresh waters upstream of the delta, sulfid¢
sources of DBP precursors in the delta as well as theand a sampling site within the estuary (Mallard Island; Becau
effect on water quality of converting agricultural landssee Figure 2). a 0.45
into wetlands. These tests are providing insights intoState project water (SPW) travels 444 mi (715 nation
which option will provide the best solution for con-km) from the delta through the California Aqueduct on olfi
trolling DBPs of health and regulatory concern, to Southern-California, where the aqueduct splits~ tion sl
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.̄, ......-~. into the east and west
’r" :~ branches--i, e., EB S PW and Selected monitoring locations in the delta

.. o:>,~:~,~ WBSPW, respectively (Figure
~-: 3). EBSPW is stored in Sil-

verwood Lake (0.2-year
retention time) and flows
through the Devil Canyon
Afterbay. WBSPW is stored in
Pyramid and Castaic lakes;
this lake system has a hold-
ing time of approximately 2.1 ’
years. Devil Canyon Afterbay
and Castaic Lake effluents
were sampled to represent the
inputs from the two SPW
branches to the Metropolitan
Water District of Southern
California’s (MWD’s) con-
ventional treatment plants.

Sources of DBP precur-

tial (DBPFP) tests--for both
THMs and HAAs--determined
the relative contributions of
DBP precursors in the delta.

vestiga- Samples tested included drain-
agricul- age from agricultural tracts of
on delta land, river water, delta out-
,npliance flow, and wetlands expert-
he more mental samples.
ts of Br- DBPFP tests were con-
iscussed, ducted at 25oc and pH 8.2 for

seven days. These conditions
is were chosen to represent the
ramento effect of summer tempera-
~pstream tures, when DBP formation
,pied at can be the highest, as well as .
v’ernalis, a typical pH level that MWD
~elta out- uses for distributed water to
he H.O. meet the requirements of the
igure 2). Lead and Copper Kule. A
.vA_rnately boric acid-sodium hydroxide
into and buffer solution was used to
ff waste- maintain the pH.5 For samples with an acidic pH, Effect of bromide and TOC on THM formation
n which sodium hydroxide was initially added to raise the pHand speciation. Simulated distribution system eval-
ramento before applying the buffer solution, uation. To assess the amount and speciation of THMs
:e repre- Samples were chlorinated with a dose based onthat could be formed in actual full-scale operations,
_~re sam- organic and inorganic demand: simulated distribution system (SDS) testing was per-
~nes (on formed.5,6 In this testing, samples were jar-treated
termedi- CI2 (rag/L) = 3 x TOC + 7.6 x NH~-N (1) with alum (20 mg/L) to remove turbidity (and, to

some extent, TOC, although optimized coagulation for
)ns were When ammonia was present in the raw water,precursor removal was not utilized). Settled-filteredperiodi- the sample required breakpoint chlorination beforewaters were chlorinated at 25oc at pI-I 8.2 for 3 h, a
ed chart- a free-chlorine residual could be achieved. In addi-typical detention time within MWD’s treatment plants.
~ected by tion, some wetlands samples contained hydrogenChlorine doses were adjusted to achieve a target chlo-
:he delta, sulfide, which also has a high chlorine demand,rine residual of 0.5-1.5 mg/L, a residual that is typi-
rd Island; Because the wetlands samples were filtered throughcal in MWD’s full-scale operations before postchlo-

a 0.45-pm filter to remove turbidity prior to chlori-ramination.
mi (715 nation, the hydrogen sulfide was removed--basedSDS testing was performed on Sacramento River
~queduct on olfactory assessment--during the vacuum filtra-water and different sites downstream from the delta;uct splits tion step. in this article, however, data from only the Greene’s
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transfer facility (e.g., a periph-
General area of studies

eral canal around the delta).
~ ~::::~r~ ~Bromide and TOC matrix.

Some facilities under consid-
~:) ~ eration will attempt to

?:;:~( ; improve the transfer of water
..~ ,~:+~::~! ~ through the delta. To assess

~ ~:~.~.~.i~~ ~: the possible combinations of

five-by-five matrix of waters
spanning a wide range of TOC

::, i - :: ::~:-~+% ~ evaluated. Sacramento River
a o~lt,a~ :!�~.~:.- water above the city of Sacra-

.: monte was used as the base-

was prepared from agricul-

TOC) sampled from a peat-soil
tract of land. Thus, the TOC
spike represented the actual
type of natural organic mat-
ter present in the delta.
Sodium bromide was used to
augment Br- levels.

Five TOC levels, from
ambient to 4 mg/L, and five
bromide levels, from ambient

These 25 unique water qual-
ities were chlorinated under

. SDS-type conditions. Instead
Chloride concentrations in east branch SPW (Devil Canyon Afterbay) of being jar-treated, these
and west branch SPW (Cast~ic Lake effluent) for 1974-93 samples were filtered through

a 0.45-pro filter to remove
turbidity but not TOC. They retentio:
were then,chlorinated at var- hydrauli
ious temperatures and reac- perature
tion times at pH 8.2 and were apparatt
analyzed for THMs, HAAs, ies.9 The
and haloacetonitriles.7 Data hydrauli,
on the effect of TOC and bro- rat-us wa
mide on THM speciation for tank tea,
the 3-h, 25oc tests are pre- All sa~
sented in this article. Again, at 20oc
all samples were chlorinatec[ 0.2 ptt u
to achieve a target chlorine liar disi~
residual of 0.5-1.5 mg/L at the X Tis tht
end of the incubation period, tion × c(
In this instance, these tests 0.35 _+ 0

¯" correspond to THM formation formatio
Landing and H.O. Banks sites are reported. This test-during prechlorination, as MWD’s plants currently stration-,~
ing has been performed monthly or quarterly sinceutilize postammoniation to stop THM production, rdia ina~
AUgust 1990, but data from only the initial program Effect of bromide and TOC on bromate form~- mglL lea
are shown to illustrate the effect of the monitoring,tion. The samples from the five-by-five matrix were ever, a s~
These data made it possible to assess the effects ofalso ozonated to assess the impact of Br- and TOC residual
water quality degradation in the delta, as well as theparamekers on bromate formation. A continuously lized. Pro
benefits that could be derived from an isolated delta, stirred, flow-through reactor with a mean hydraulic~    split and
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~eriph- Data from DWR delta salinity study, Aug. 6, 1990-Jan. 2, 1991, and a countercurrent pilot-
lelta), showing the relationship of chloride and bromide when chloride scale contactor (in use prior
~atrix, is >100 mg/L to the construction of the
onsid- demonstration-scale facility)
pt to yielded similar bromate levels
rwater when both systems were
assess ~" ~~ ozonated to yield an ozone

ions of residual of approximately 0.4
could mg/L.II In a sense, this

llties, a bench-scale testing was an
waters ...~ ~.~,~,.~attempt at producing a sire-
of TOC ..::’..i.~ ulated treatment plant bro-
as bro- - ~.. ~-.., mate value.
;--was .- ~ :.. Effect of precursor load-
o River ~i,~, :..~;~-. ~.:~,~,ing from a wetlands. Stud-
t’ Sacra- " les are currently being con-
e base ..... -; :-.! ducted to investigate the
OC and effect of changing land man-
)C spike agement practices on TOC-
~gricul- Data from DWR delta salinity study, Aug. 6, 1990-Jan. 2, DBPFP inputs into the delta. An experi-1991, showing the relationship of chloride and bromide    ment evaluated the yield of DBP pre-;5 mg/L when electroconductivity is <900 pmho/cm and chloride
)eat-soil is <200 mg/L cursors from plant biomass decomposi-
he TOC tion over time.12 The experimental
: actual protocol involved the following:
tic mat- ¯ * Vegetation biomass samples (dom-

delta, inated by smartweed, watergrass, and
used to ~-~.::~::- swamp timothy) were collected from

demonstration wetlands in the delta. Bio-
;, from :: ,.:~ ~ : -47~v:;~ ~.-~mass samples averaged -435 g/m2, with
3nd five .:::~:.:~::,+::4 : ~- "." ~ ~ ~,~ an average lignin content of 9.5 percent.
~mbient :~ .........:. ..* ....... ~--oo ¯ Five 30-gel (114-L) containers were

c>tum~u~ =, 0¯0032674 X chloride - 0.004960tested. :,~ " c0ffelafi0n~oeffi~tent=0~9820o68 ~::-,:: filled with water from the delta. Barrels
er qual- .., :. ~ ~, ~-~ .,/~.:.:;~:..~ A,:-~.~:,I:~:~..;.-,;~::÷ .... .:~ ~. , 1 and 2 received biomass clippings loaded
dunder -+ 3,63~. ~- ~’¯ ’ :-. - ~_ ~ ...... " " :~ to the natural density¯ Barrels 3and4

’. ::~20.:~6 ’ 40 :..’60"’;80/’":100"~120 1140/ 160 180 :~00

t, these mass. The fifth barrel did not receive any
through of the biomass clippings and was used as
remove a control.

,C. They retention time of 8min was used.8 The effects of ¯ The barrels were sampled every two weeks for
d at var- hydraulic flow rate,gas flow rate, and water tem- a total of 10 Weeks¯
~d reac- perature on the residence time distribution in theIn addition, a soil experiment was performed:~2
nd were apparatus have been investigated using tracer stud-° Soil samples were collected from the surface
¯ HAAs, ies.9 The results of the tracer studies indicated that theand from the bottom of a 3-ft- (91-cm-) deep hole at
s.7 Data hydraulic behavior exhibited by the bench-scale appa-two locations in the demonstration wetlands and
.rod bro- ratus was more characteristic of a continuously stirredfrom two locations in an adjacent agricultural field -
~tion for tank reactor than of a full-scale system. (both located on peat soils).
3re pre- All samples were ozonated at the ambient pH (-8) ¯ Each soil sample was split into three aliquots in
¯ Again, at 20oc (the range of pH levels typically varied withinorder to perform three water extraction procedures
orinated 0.2 pH unit)¯ Each water was ozonated to meet sim-each. Just enough deionized water was added to each
chlorine ilar disinfection criteria, or C x T values (in which Caliquot to saturate the soil sample. The pastes were
./L at the x Tis the product of disinfectant residual concentra-allowed to stand for durations of -< 1-2, 7, and 30
~ period, tion x contact time), with an ozone residual goal ofdays before the soil-water samples were filtered¯
_~se tests 0.35 _+ 0.05 mg/L. MWD is also evaluating bromate Chemical analyses. HAA analysis was performed
~rmation formation in a countercurrent, over-under demon-for five species (monochloro-, dichloro-, trichloro-,
urrently stration-scale contactorJ0 C x Tcredit for a 0.5-log Gia-monobromo-, and dibromoacetic acid),t3 At the time
tction, rdia inactivation would require a residual of >-0.3of these studies, a commercial standard was unavail-
~ forma- mg/L leaving the first chamber of the contactor. How-able for the bromochloroacetic acid. Accuracy for
fix were ever, a staged ozone application with a lower ozoneHAA samples has been between 80 and 125 percent,
~nd TOC residual leaving the first chamber could also be uti-whereas replicate samples have differed by <19 per-
inuously lized. Previous experiments in which delta water wascent. THM analyses~4 included all four species. Accu-
~ydraulic split and ozonated in both the bench-scale apparatusracy for THM samples has usually been between 87
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MWD empirically developed a Br- to
Health effects of individual THMs C]- relationship in SPW, based on data

collected from 1987 through 1989:17
, ’l’lt~:~"~tle~l

Br’- = 0.00289 x C1- + 0.00671 (3)

.~:~,-.~:.~, .......... These ~ted data suggested that most
. ~. :.~0~ ~..~.~: ~. ~ of the C1- and B~ present in delta water

~ ..... ~ -~... co~d be e~la~ed by seawater ~tmsion.
~.~..~q~~. ~.:~ In 1990, the Califo~a Depa~ment of

Water Resources (DWR) and MWD ini-
~:::. ....... ~~ . ~ tiated a B~ intrusion study to evaluate

the effect of the ongoing drought on
increased salinity in the delta. During

and 123 percent, whereas replicate samples have dif-Au~st t~ough November 1990, 7 mg CI-/L ~d 0.01
fered by <12 percent, mg B~/L were detected in the Sacramento River at

Bromate was analyzed using a modification of anGreene’s Landing. As the Sacramento River flowed
ion chromatography (IC) method developed by Kuothrough the delta, however, saltwater intrusion sig-
and co~eagues.IV Diethyla~ne was added to quen~nificantly affected the salinity levels. During August
active oxidant residuals (e.g., ozone, hypobromite1990 through January 1991, CI- levels in delta out-
ion). The ~~ repo~Mg level (~) for bromateflow increased from 81 to 192 rag/L, and Br- levels
during this study was 3 pg/L. The MRL was loweredincreased from 0.27 to 0.61 mglL. At the Mallard
from its original value of 10 ~g/L by increasMg theIsland sampling site, where the Sacramento River
sample loop volume from 50 to 200 pL. In ad~tion,enters the bay that ultimately leads to the San Fran-
the a~on ~omembrane suppresso~ had to operatecisco Bay (Figure 2), C1- ranged from 1,722 to 5,200
in perfect con~fion. For bromate accura~, the aver-mg/L and Br- ranged from 6.6 to 17.7 mg/L. At this
age recove~ of spiked samples was 100.1 percent,estua~ location, approximately 9-27 percent of the
with a standard deviation of 8.7 percent, whereaswater was seawater.
replicate samples agreed to witch 1.7 ~g/L on the Figure 5 shows data from the D~ B~ intrusion
average, with a standard de~ation of 2.7 ~g/L. progr~, M w~ C1- >100 mg/L. UsMg ~ar regres-

Bromide was analyzed by a different IC method)zsion, the following relations~p was obtained:
TOC samples were analyzed by the ultraviolet
(UV)-persulfate oxidation method.~ Br- = 0.00348 x CI- -0.0242 (4)

Results and di~u~ion The coe~dent of co,elation w~ 0.996. T~s emp~-
Saltw~er intrusion and bromide levels. As a ical relationship exactly matches the relationship

result of saltwater intrusion, yawing chloride (CI-)derived from pure seawater as the only source of
levels are dete~ed in delta water. Saltwater ~tru-sal~ty (Eq 2).
sion also Mcreases Br- levels. Drought conditions in Because linear regression equations can be driven
recent years have resulted M an Mcrease in the CI-by extreme values, DWR study data for only those
(Figure 4) and B~ levels ~ the delta. Because of thesampling stations where C1- was ~200 mg/L and
relatively short hold~g time in Silverwood Lake,ele~rocondu~ivity was <900 p~o/cm were plotted
higher CI- (and Br-) levels were experienced in(Figure 6). A relafions~p ~th a co,elation coe~dent els wet
EBSPW. Because of the longer holding time M theof 0.982 was obtained: ~e]ded
~r~d-Castaic lake system, changes in delta water coeffici.
were blended out M ~e ~SPW (Fibre 2). However, B~ = 0.00327 x CI- - 0.00496 (5)
the extended drought of the later 1980s and early
1990s resulted M a rise M the salMity of the ~SPW T~s equation fa~s between ~e pure seawater rela-
to as ~gh a level as in the EBSPW. fions~p M Eq 2 ~d ~e relafions~p derived by M~ .it is sig~

Because of the stoichiometric relationshipfor SPW in Eq 3. It is clear from these figures and o~y at
between C1- and Br- ~ seawater, Br- levels can beequations that seawater is by far the major source of ~and
predicted based on measured CI- levels (providedsalinity in the delta. When saltwater intrusion is left s~p te~
that no other confounding sources of B~ or Cl- areunchecked, salinity--which includes B~--Mcreases Mor~
present). The concentration of CI- and Br- in sea-i~ delta water exported to municipal users, duped.
water is 18,980 and 65 .rag/L, respectively.16 If Br- ~o nationwide studies have attempted to char- for 68
and C1- in delta water were only from seawatera~efize ~e occurrence of B~ ~roughout ~e UMted lafion c
dilufed with unsalty freshwater, then the followingStates and to determMe the relationship of Bff to C]-. respe~i
equation could be used to predict B~ levels, givenIn a 35-utility study performed in 1988-89, the geted
a measured C1- level: median and maximum B~ occurrences were 0.08 mg/L.

and 3.0 mg/L, respe~ively.1~ There was a good cot- to-Cl-
B~ = 0.00342 x CI- (2) relation be~een C1- and B~ in t~s study. When the s~ar
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Br- to
data Testing of delta waters for THMFP*

(3)

it most
water

msion.
lent of
/D ini-
’aluate
~,ht on
0uring
ld 0.01
:iver at
flowed
on sig-
August
ta out-
- levels Cempads~n et syatlteti© delta ~ample* and lake) samples (from both targeted and random
vtallard with ene ~m H.O. Banhs Immldng pl=mt utilities) were examined, the median, 90th percentile
o River and 95th percentile for Br- occurrence were -0.03,.
c~ Fran- ~0.14, and -0.4 rag/L, respectively.20 The Br- levels
) 5,200 in the delta outflow have typically been in the 90th
At this to 95th percentile of the nationwide occurrence.
t of the . Sources of DBP precursors. Table 2 shows the

TOC and UV absorbance (at 254 nm) of each water.
trusion !.:&ii~:~i~:~i In addition, the UV-to-TOC ratio indicates the ten-
’ regres- : :-:~,. <: ~ dency of the organic matter to form THMs. The TOC,

I: ~:,::": ~ UV, and UV-to-TOC data show that the two rivers
).:~!~.~.,,~ ,:.$sy . _. entering the delta (particularly the Sacramento River)

(4) , ~-~...~.~i~ ~ ~, ~:. ~-~.~-:::,pick up organic matter in passing through the delta.
..~s~ i:.,~i~: ~73i:. :.iThe agricultural drain on the peat-soil tract of land
~’~0~"~" ,~:~ " ~Z " :~ ~ (Empire Tract) had the highest level (31 mg/L TOC)

ionship :-:: ~5~"i~,?~;t~:? ~ :~.;~ ~37 :: :::;,..~ - 263 .~ of organic matter, and that material had a higher
urce of ..... . reactivity based on the UV-to-TOC ratio.

’ -. - Chlorinated channel waters produced THMFPs of
,~ driven .’~’.~.~-~.; .~ : ........~~ 144-421 pg/L (1..2-3.2 pmol/L), whereas the agri-
y those cultural drains contained 731-4,526 pg/L (5.4-31

;/L and pmol/L) THMFP. As Sacramento River water passed
plotted Br- values for the utility with atypically high Br- lev-through the delta, the THMFP (on a molar basis)
effident els were excluded (i.e., 3.0 rag/L), linear regressionincreased almost threefold in traversing the distance

yielded the following equation (with a correlationfrom Greene’s Landing to the H.O. Banks pumping
coefficient r of 0.86): plant. Empire Tract had 27 times more THMFP than

(5) Greene’s Landing, so the significant contribution of
Br- = 0.0034 x CI- - 0.0071(6) peat-soil agricultural drainage is clear. The molar yield

ter rela- of THMs per unit of TOC was 0.75-1.2 percent; this
y MWD It is significant that high Br- levels were detected notyield tended to increase with increasing UV-to-TOC
res and only at utilities affected by saltwater intrusion, but atratio. However, samples high in Br- will tend--even
)urce of inland utilities as well. Thus, the Br- to C1- relation-on a molar basis--to have a higher yield of THMs.
,n is left ship tended to be similar to that in seawater (Eq 2).This may explain the higher yield for Vernalis (0.36
~creases More recently, a nationwide Br- study was con-mg Br-/L) than for H.O. Banks (0.14 mg Br-/L) and

1 19ducted at 100 util’ties. The median Br- occurrencesthe very high yield for Empire Tract (3.1 mg Br-/L).
to char- for 68 large and 20 small utilities (based on a popu-The HAAS formation potential (HAASFP) was
: United lation cutoff of 50,000) were 0.042 and 0.029 rag/L,77-215 Bg/L for channel waters and 316-1,872 l~g/L

- to Cl-. respectively, whereas the median Br- level for 12 tar-for agricultural drains. Although HAAS does not rep-
-89, the geted utilities with known Br- problems was 0.190resent total HAAs (because not all of the nine HAA
:re 0.08 mglL. In this study, there was no clear common Br--species were measured), comparisons can be made
)od cot- to-C1- relationship, although the median ratio wasbetween di- or trichloroacetic acid (DCAA or TCAA)
"hen the similar to that of seawater. When surface water (riverand chloroform (CHCI~): the DCAA-to-CHCI~ weight
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Effect of bromide and TOC on THMSDS trihalomethane speciation for Sacramento River formation and speciation. As shown inat Greene’s Landing and H.O. Banks pumping plant
Figure 7, 23-33 pg/L TTHMs were real-

..,, ...... :.~~ .o. ized in the SDS testing of the Greene’s

.... :" :::;’?~<:::.::"’z. x:: < ; . . levels for the H.O. Banks samples (out-

# r :~.~::~,:~ !" i" " " : ~’S Br-increased, but the increase was
..... :: o ;,.~ :~;. caused by the Br-); the TOC levels were

TrHMs resulted, in part, from the greaters.s "
formation of bromoform (CHBr3), the

.... heaviest TI-IM molecule. Subsequent H.O.
::,:ii"!i}il : 2

S.0
"~: Banks samples reflect increases in both

- .... " ~ 4.s ~ salinity and TOC. The relatively high
,. ~-, ~ organics level at Banks in the January

of agricultural drainage from leaching.

o ’~ only the increase in TTHMs that is of
:!,i ?~ ;~L?i.’~;i~;; ~ N " concern, but also the shift in speciation

"<~" ~< XX 2.0 Landing samples to the brominated THMs. in the se
XX in the H.O. Banks samples. The latest large su
XX ~.~ data suggest that bromodichloromethane ple) tha~

~̄-:~. ~-;’~:,~:-XX (CHC12Br) may be the THM of greatest that afteXX 1.0 toxicological concern (Table 1)2~ Even effluentXX ¯

I when an increase in salinity shifted the - To en0.~
formation from CHC12Br to dibro- be used.

0 mochloromethane (CHC1Br2) and CI-IBr3, a sampk
":. :; {’t,. .8190 ]il.Lg017..!90,1/91 concentrations of the latter THM consisth

~(:!il; -,,~. [-],p..Banks Pumping P ant exceeded its 10-5 risk level of 40 lag/L, percent
Because Greene’s Landing and H.O. Br- spik

Banks represent two extremes (i.e., low the H.O.
TOC and Br- versus moderate amounts of similar e

ratios were 32-39 percent, and tl~e TCAA-to-CHCI~both), the five-by-five matrix was used to address all produce
weight ratios were 21-35.percent. All the water hadpossible combinations of TOC and Br- that might be ,,-~.,Table
comparable relative yields of DCAA, but the agricul-experienced with alternative delta transfer facilities, on~TI-IM
tural drains appeared to have a somewhat higher tel-Furthermore, this matrix may encompass the range increase,
ative yield of TCAA. Future tests on these waters willof water qualities in a high percentage of the sources As, Br- i~
include the sixth HAA, bromochloroacetic acid. in the United States--if not in the raw water, at least increase,

Effect of TOC-bromide on THM speclation in the five-by-five matrix*



)n THM Harvey O.
o vv-n ii1 pumping
~e real- delta

reene’s water is .

: delta), the

:S (OUt- Water
)m 104

~sed by
CI- and and then
se was decreased. The
is were " maximum was at
ease in a different TOC
greater level for each Br-
r3), the ~ concentration..
:nt H.O. The mixed
in both chlorobromo
Iy high ~ spedes ini-
.anuary tidally increased
a result with increasing
ching. Br- but then de-
t is not creased in con-
,at is of centration as
eciation more bromi-
reene’s hated species
d THMs. in the settled water after enhanced coagulation. For(e.g., CHBr3) were formed. CHC1Br2, like CHBr~,
e latest large surface water systems (serving >10,000 peo-increased with increasing TOC up to a point, and
nethane ple) that filter but do not soften, it has been predictedthen its concentration decreased. CHC12Br, at least
greatest that after enhanced coagulation the 95th-percentileunder these test conditions, increased with increas-
:i Even effluent TOC level will be 3.8 mg/L.22 ing TOC. Although minimizing TOC minimizes the
bed the To ensure that an agricultural drain sample couldformation of CHC12Br, control of the latter through
dibro- be used as a TOC spike, a preliminary test comparedprecursor removal is best realized at high Br- levels

t CHBr~, a sample from H.O. Banks with a synthetic sample(>-0.2 mg/L). At 0.1 mg Br-/L, decreasing TOC
r THM consisting of 90 percent Greene’s Landing and 10decreased the concentration of CHC12Br, but not as
) pg/L. percent agricultural drainage, with an appropriatesignificantly as at the higher Br- levels.
~d H.O. Br- spike (Table 3). The synthetic sample matched Changes in DBP speciation are attributable to sev-
i.e., low the H.O. Banks sample in TOC, UV, and Br- levels, anderal parameters. Amy and colleagues2~ found that
.ounts 6f similar amounts of individual and total THMs wereincreasing the Br--to-TOC ratio yielded a higher per-
dress all produced, centage of brominatedTHMs. One means of.evalu-
right be Table 4 and Figure 8 show the effect of Br- and TOCating THM speciation is the use of the bromine incor-
.~cilities. on TI-hM spedadon for the five-by-five matrix. As TOCporati0n factor n, in which n is the molar amount of
..e range increased or Br- decreased, CHC13 formation increased,bromine in the THMs (TTHM-Br) divided by the
sources As Br- increased, CHBr3 increased. However, as TOCmolar TTHM concentration.24 The value of n can vary
at least increased, CHBr~ formation increased, reached a max-between 0 and 3, with 0 corresponding to all CHC13
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produ
Effect of TOC and bromide on concentration and distribution of trihalomethane species increa~
in the five-by-five matrix format

,c: sensiti

the TC

requir(
ozone

ozone

TOC m
Mor(

. ~: ~ kinetics
- " test cot

.- ....- ozone
mg/L T(

bromat,
ing bror

and 3 corresponding to all CHBr~. In the five-by-fiveutilization increased with increasing TOC up to a waters.
matrix, for a particular TOC level, an increase in thepoint. At the same time that organic precursor sites
Br--to-TOC ratio (i.e., caused by an increase in Br-)became more plentiful~which increased bromine Table 7
yielded a higher value o~ n. For a particular Br- con-utilization~more chlorine was added, and the Br--to- vegetat
centration, an increase in the Br--to-TOC ratio (i.e.,C1+ ratio was simultaneously decreasing. Clearly, there stayed
from a decrease in TOC) also yielded a larger n.was a point at which the HOC1 became more corn- the 10-’,

In addition, as TOC increases, the chlorine demandpetitive with the HOBr. level of
increases. Therefore, the chlorine-to-bromide ratioFigure 9 shows TTHM formation in the five-by- mass ba
increases as TOC increases for a fixed chlorine resid-five matrix for the 3-h prechlorination scenario. With TOC for
ual goal. Although hypobromous acid (HOBr) is apostchloramination, delta water could meet the draft respecti
better halogenation agent than hypochlorous acidTTHM MCL of 80 lag/L, with up to 4 mglL TOC, ff Br- 480-57{
(HOC1), if sufficient chlorine is added, HOC1 can startwere not present. As Br- increases, however, the the natu
to compete more effectively with HOBr.4 Symonsrange of TOC levels that would enable compliance pg/.L an~
and colleagues~ utilized thefraction Br- to C1+ (inwith an 80-1ag/L TrHM standard shrinks, even with
which Br- represented the initial bromide concen-enhanced coagulation (which removes TOC, but not
tration and C1+ was the average free available chlo-Br-). Thus, to control the potential carcinogenic risk
fine during the reaction time, both in molar units) tofrom THMs, both TOC and Br- must be controlled.
examine the HOBr-HOC1 interplay. In the five-by-fiveOzonation of delta waters, followed by chloramina-
matrix, for a particular Br- level, an increase in TOCtion, presents another option for compliance with
resulted in a higher chlorine demand (i.e., a higherTrHM standards.
chlorine dosage was required to meet the target resid-Effect of bromide and TOC on bromate forma-
ual); thus, ’the Br--to-Cl+ ratio and n decreased,tion. Table 5 shows the conditions for the ozonation

Symons and colleagues also observed that bromineexperiments. To achieve the target ozone residual of
utilization (expressed as the fraction TrHM-Br to Br-035 + 0.05 mg/L, an ozone-to-TOC ratio of approx-
on a molar basis) decreases with increasing Br- con-¯ imately 2 mg/mg was utilized. In a nationwide Br-
centration, because the precursor sites are becomingstudy, Amy and co-workers~9 utilized a similar applied
limiting.6 In the five-by-five matrix, at the lowestozone-to-TOC ratio in bench-scale tests, which
TOC concentration (1.1 mg/L)-- at which the organicresulted in an average residual of 0.43 mg/L.
precursor material was the most limited--the bromineTable 6 shows bromate formation as a function of
utilization decreased with increasir;g Br- level. How-TOE and Br- under the given ozonation conditions.
ever,as the TOE level increased, increases or decreasesFor a different ozone contactor configuration or ozone
in bromine utilization approximately paralleled theresidual goal, different bromate results could be
trends observed for CHBr~ and CHC1Br~ formation,expected. These sets of conditions, however, provide
For example, at the highest Br- level (0.8 my/L), asa basis for the relative effects of TOC and Br- on bro-
organic precursor sites became less limiting, brominemate formation. For a particular TOC level, bromate
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production increased with
increasing Br- levels. Bromate Conditions for ozonation experiments
formation appeared to be more
sensitive to increasing Br- at
low Br- levels. For a specific
Br- concentration, increasing
the TOC level increased bro-
mate formation. Because a
higher ozone dosage was
required to achieve the target
ozone residual of 0.35 mg/L
in high-TOC samples, more
ozone was available to oxidize
the Br- to bromate. Because
natural organic matter may
also scavenge the hydroxyl radical,25 the addition ofcontrol (delta water) had a 0.8-1.0 percent THM yield
TOC may have other effects on bromate formation,per unit of TOC (on a molar basis). The natural and

More research is needed to better understand theelevated-density biomass THM yields were 0.8-1.1
kinetics of bromate formation. However, under theseand 0.7-0.9 percent, respectively. The vegetative bio-
test conditions (e.g., ozonation at pH ~8 and a targetmass was also a source of HAA precursors...
ozone residual of -0.35 mg/L), delta water with 2 Because decaying vegetation is a source of humic
mg/L TOC and 0.1 mg/L Br- may be capable of achiev-material, these results are not surprising. Even the
ing the draft bromate MCL of 10/L pg, whereas anupstream channel waters can potentially pick up TOC
increase in either TOC or Br- may yield >10 pg/Land DBPFP from decaying vegetation in the delta.
bromate. Thus, MWD and other utilities are explor-These data demonstrate that the wetlands vegetation
ing bromate control options for the ozonation of deltacan contribute DBP precursors to the delta.

up to a waters. The use of wetlands as a source of water is not
sor sites Effect of wetlands on DBPFP. Vegetation testing, tmique to California. Other area~ in the United States
~romine Table 7 shows the results of the first sampling of theare examining wetlands to address water quantity
¯ , Br--to- vegetative biomass experiment. In general, levelsconcerns; however, these results for the delta wetlands
ly, there stayed approximately the same over the remainder ofsuggest that water quality is a consideration as well.
re com- the 10-week testing period. The control had a TOC Soil testing. Water-paste saturation tests of peat

level of 4.3-4.9 mg/L, whereas the vegetative bio-soils from adjacent tracts of land indicate that more
five-by- mass barrels contained 12-17 mg/L and 30-40 mg/LTOC and THMFP can be extracted from the soil of
io. With TOE for the natural and elevated biomass densities,an agricultural tract than from that of a wetlands. In
the draft respectively. Upon chlorination, the control yieldedaddition, there was more TOC and THMFP in the
)C, ifBr- 480-570 pg/L TFHMs. The chlorinated samples foragricultural field surface samples (-100-190 mg/L
ver, the the natural and elevated biomass yielded i, 100-1,500TOC and -8,200-14,000 pg/L THMFP) than in the
npliance ~g/L and 2,300-2,900 pg/L TTHMs, respectively. Theagricultural field bottom samples (~40-100 mg/L TOC
’enwith and -2,800-5,000 pg/L
¯ but not THMFP); there was a smaller

difference in the wetlandsenic risk Effect of TOC and bromide on the formation of total trihalomethanes surface samples (~30-70ntrolled, in the five-by-five matrix
ramina- mg/L TOC and -2,100-5,000
ice with pg/L THMFP) and bottom

samples (-20-70 mg/L TOC
;forma- and -1,400-2,700 Bg/L
:onation ......... ~~ ......~.....~*~~:’~ " THMFP). This may result, in
sidual of ! part, from the constant expo-
approx- sure of soil to oxidative con-
vide Br- ... ditions during agricultural
r applied operations.

which ::0.a When the soil data are¯
~: ...... evaluated for a molar yield of

~ctionof THMFP per unit of TOC,
~ditions. these samples give relatively
or ozone comparable values (median
¯ ould be ~.~ :1 ~ ~( ....: ~ -~ ¯ ", : ’ value, 0.63 percent; 25th- and
¯ provide 75th-percentile values, 0.56
-onbro- ~. and 0.72 percent, respec-
bromate tively). In general, these lev-
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remove precursors once they 3.
Bromate formation as a function of TOC and bromide are present in the water. In

order to minimize health
risks, bromide ion and TOC 4.
must be minimized wherever
possible.

-~;’~:~" : Finally, these experiments
~,,~=,~’~:’~"f’0.- in the delta have resulted in ¯
~?iU B3 . (1) a better methodology to
~:~:-65 evaluate the source and

..... ~: ........ 5.~÷" : ~- effects of DBP precursors in
the delta and (2) a better
understanding of how differ-

Results of first sampling of delta wetlands vegetative biomass ent control measures--either 6.
experiment* in the delta or at the treat-

ment plant--will affect the t
production of DBPs of health 7.

..~.:..~.::-~and regulatory concern. The
-: data demonstrate t.hat DBP t

control strategies, should
include watershed manage-

!.~5 - ment as well as treatment
plant processes. If California
utilities are to meet future 9. J

- DBP standards, a way must
~,~t7p~.~,..,:;~:~...~ ~,     be found to minimize water n

’ quality degradation in the P
delta.

This article should provide 10.
insights into the source and a

els were the same regardless of the saturation periodcontrol of DBP precursors in other watersheds in the g
tested, These limited data indicate that the volumesUnited States. Furthermore, the chlorination and
of discharge water (from either the drainage of sea-ozonation study of a five-by-five matrix of TOC and 11.
sonal wetlands or agricultural operations) must bebromide levels should provide for other utilities B
factored into the analysis of the effect of changinginsights into the interplay of organic and inorganic
land management practices in the delta, precursors and disinfectants in DBP formation. 12.
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