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DIRECT TESTIMONY OF RICHARD CODELL
CONCERNTME COMMTISSION QUESTION 1

Please state your name and business address for the record.
My name is Richard Codell, and I am employved by the Office of Nuclear
Reactor Regulation, 1I.S. Nuclear Regulatory Commission, Washington, DC

20555,

Please identify your position with the NRC and describe your responsibili-
ties in that position.

1 am a Senior Hydraulic Engineer in the Hydrologic and Geotechnical
Engineering Branch, Division of Engineering, Office of Nuclear Reactor

Regulation.

My primary responsibilities include, among other things, the reviews,

evaluations, and assessments of:
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- The safety of nuclear power plants and other nuclear facilities, from

natural or man-made external flooding;

- The hydrologic aspects of the reliability of safety-related water
supplies for nuclear plants
- The potential for and consequences of contamination of the

hydrosphere from nuclear accidents,

Please describe your education and professional qualifications.

A copy of my professional qualifications is attached toc this testimonv.

What is the purpose of this testimony?

The purpose of this testimony is to present the Staff's review of the
liquid pathway analyses in the Indian Point Probabilistic Safety Study
(IPPSS), and to describe the Staff's independent analysis of the risk
posed by contamination of the Hudson River, reservoirs, or other bodies of
water that could be caused by severe accidental radionuclide releases from

the Indian Point nuclear power plant.

What are "Liquid pathways"?

The 1iquid pathways are routes by which people can be exposed to radiation
released by a nuclear power plant via surface and ground water. Exposures
involving surface water can come from drinking or swimming in contaminated
water, direct radiation from contaminated shoreline sediments, and inges-
tion of contaminated seafood. Ground water, which can serve as a source
of drinking water, can also be contaminated. In addition, radionuclides

released to ground water can migrate to surface water.
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How micht l1iquid pathways be contaminated from accidents at nuclear

plants?

There are three possible ways in which radionuclides could be released to

the hydrosphere as a result of accidents (Ref, 1).

1.

Direct release to surface water - some relatively small accidental
releases could occur through faulty routing of radionucliide streams
through the circulating water system, the service water system, or
the storm drainage system. Accidents of this type do not involve
releases approaching the severity of core-melt accident releases, and
would not be significant contributors to risk.* Releases of radio-
nuclides from core-melt accidents directly to surface water, while
possible, would be much less 1ikely than other 1iquid pathways con-
sidered by the staff, and are not expected to be serious contributors
to risk.

Releases to the ground - core-melt accidents involving basemat pene-
tration could release radioactivity to the ground ir the form of core
;ebris. or in some cases, highly contaminated water from inside the
containment building. Such releases could affect ground-water sup-
plies or could migrate to surface water.

Airborne releases - some core-melt accidents could release radio-
nuclides to the air in the form of qases or aerosols (Ref. 2). These
radionuclides would b2 deposited on the land and water surface by
such natural processes as settiing and rainfall, Some of the radio-

nuclides would fall directly on water surfaces. The rest would fall

* In this testimony, risk is defined as the consequence of an event in terms of
person-rems times the probability of the event in terms of reciprecal
reactor-years,
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on land, but a portion of that could be carried to surface water by

rainfall runoff or after first infiltrating to ground water.

What are the major differences in the risk from the "l1iquid pathways" and
[traditional) airborne exposure pathways?

Probably the most significant difference between them is that much of the
risk immediately following the airborne releases might be difficult to
avoid (e.q., inhalation), while the risk from the 1iquid pathway could be
virtually eliminated by avoiding contaminated water, seafood, and other

uses, such as swimming or shoreline recreation.

The immediate consequences “rom airborne exposure pathways would be dif-
ficult to avoid except by prompt evacuation of the affected pobulation
because radioactive gases and particulates would be carried at the speed
of the wind, and could reach people in a matter of minutes to hours after
release, There would generally be much longer delays asscciated with the
liquid pathway, which would allow time for the monitoring and avoidance of

the contaminated water,

What kinds of risks are posed, therefore, by the 1iquid pathway?

It is not likely that waterborne radionuclides would pose a risk in terms
of early fatalities or even early injury because the doses would be

below the threshold levels necessary to cause immediate health effects

(as identified in Dr. Acharya's testimony, Section III.C), and could be
interdicted at any level deemed necessary. It is much more 1ikely that
contamination of the liquid pathway wou . d cause economic losses because of

cleanup and treatment costs and temporary loss of the use of affected
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water, There could be Tatent health effects caused by the accumulation of

low level doses, at or below protective actions levels,

What is the licensees' appraisal of the risk for the 1iquid pathway
releases associated with basemat penetration at Indian Point?

The licensees considered two paths by which radioactive core material
could reach ground water. First, molton core debris could penetrate the
basemat to the ground beneath the plant (Ref., 1, Ref. 3). Second, highly
contaminated 1iquid "sump" water could escape through the failed basemat.
[n the former case, the heat of the molton debris would drive ground water
away, effectively isolating most of the radionuclides from coming in
contact with water for perhaps a vear. When liquid water could finally
contact the debris, leaching of radionuclides would begin. The leached
radionuclides would be carried by ground water in the direction of the
Hudson River. The speed of ground-water movement toward the Hudson River
has not been determined, but the licensee has estimated that the ground
water travel time would range between 19 and 1900 days with 95% confidence
and have an expected value of 190 days (Ref. 4). On the basis of
available data from the site and values of hydrologic coefficients for
similar materials reported in the literature, I consider this to be a
reasonable range. The speed of transport of the most hazardous
radionuclides would be slower than the movement of the ground water itself
because of "sorption," which is the physical or chemical interaction of
the radionuclide with the soil or rock substrate. The licensees have
estimated that, because »f sorption, most of the radionuclides assumed to
be released to the ground water would decay before reaching the Hudson

River,
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Radionuclides released from the reactor from a sump water release case
would potentially be in the dissolved form, and therefore readily avail-
able to be transported through ground water to the Hudson River. Addition-
ally, the estimated one-year cooling-down period associated with the de-
bris leaching case wou]p not apply. The fraction of high consequence
radionuclides which could reach the Hudson River from the sump water

would, therefore, be substantially greater than that from the debris
leaching case. The probability of sump-water release with basemat
penetration would be considerably lower than that of basemat penetration
alone, however, because the sump water would act to cool the core debris.
The probability of any basemat failure is estimated by the starf to be

4,11 x 10-'4 per year for Unit 2 and 2.37 x 10--4 per year for Unit 3 before
engineering fixes (Release Category H as defined in the testimony of Dr.
Meyer, Sect. II1.B). The probability of a basemat failure with sump-water

5

release is zstimated to be about 2.9 x 10-"" per year for Unit 2 and 1.9 x

10'5 per vear for Unit 3,

The 1icensees have performed a deterministic 1iquid pathway dose assess-
ment for postulated core melt releases at the Indian Point site. The
analysis considered normal uses of the Hudson River and the beaches in the
lower bay. Commercial and recreational fish catches were considered to be
taken as usual. There is presently a ban on shellfish harvesting in the
Hudson River. This ban was arbitrarily considered to still be in effect
for two years following the release. The licensees' estimate of the
maximum dose rate to an individual was calculated to be 6 rem per year to
the gastrointestinal tract for the sump water release case (Ref, 4), The

population dose calculated over all time for this type of release was
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estimated to be 76,000 persci-rem with present-day use of the river, and
potentally, if the shellfish fishery were reopened, 150,000 person-rem
whole bodv dose and up to 490,000 person-rem to bone. Doses resulting
from the release of molten core debris (i.e., leaching) were estimated to
be much smaller: an estimated maximum organ dose rate of 0.1 rem/yr and
1900 person-rem population dose to bone with present-day river use. These
dose rates are based on the assumption of no interdiction (other than the

shel1fishing ban).

The maximum individual doses in either case would be too small to evidence
themselves in early health effects as defined by Dr. Acharya's testimony,
Section 11I-C, but population doses associated with groundwater releases
could be translated to latent health effects. The licensees' analyses did
not take mitigation into account, nor did they consider the probabilities
of accidents which would lead to ground-water releases. These doses and
health effects could, of course, be reduced by several means, such as
interception or isolation of the contaminated ground water or by denving
people use of the river. The economic cost of such measures has not been

cuantified, however,

Do you agree with the licensees' estimates of doses from basemat penetra-
tions involving releases to the ground water?

I have some reservations about the coefficients used in the surface-water
and ground-water models., For example, there is reason to believe that
retardation by the highly fractured 1imestone beneath the plant cf key
radioruclides such as Cs-137 and Sr-90 might have been overestimated.

Bioaccumulation factors for fish and shellfish might have been under-
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estimated. The licensees' model also does not treat the contamination of
sediments and their transport to New York Harbor and beaches along the
Hudson River realistically, so exposure to sediment such as direct shine
might have been underestimated. Futhermeore, I believe that the auality of
available groundwater data would make the dose estimates almost impossible

to confirm.

What, then, is your estimate of the correct doses for 1iquid pathway
contamination resulting from basemat penetration?

I have not performed an independent dose assessment for liquid pathways
involving releases to the ground, but expect that there is great uncer-
tainty implicit with the d~se calculation. Data used in making the esti-
mates are so limited and of such dubious quality that I seriously doubt
that a better analysis cou'd have been performed. I presently estimate,
however, that for the same conditions used by the licensees (i.e., no
source interdiction or restrictions on usage other than the shellfishing
ban), the upper bound of total body individual and population doses could
be one to two orders of magnitude greater than the licensees' estimates
reported in A,9, I partially base this appraisal on an evaluation of the
licensees' analysis in the IPPSS, performed by our consultant, Battelle-
Pacific Northwest Laboratories (Ref. 5 and Ref, 5a). I believe, however,
that it is not realistic to exclude interdiction or mitigation from the
analyses since it is highly 1ikely that a range of measures could and
would be brought into play after such a severe accident, involving basemat
penetration, to reduce doses to very low levels. Furthermore, to be con-
sistent with the Staff's evaluation of atmospheric releases (Dr. Acharya's

Testimony, Section TII.C), interdiction should be assumed for dose estimates.
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012 What measures could be used *n reduce doses from ground water liquid
pathway releases?

AlL References 1, 2 and 6 identify methods by which the reactor core or the
contaminated ground water could be isolated (mitigation). Among the
methods discussed which might be applicable at the present site are pres-
sure grouting to seal fractures in bed rcck, dewatering of the area and
then treating the withdrawn water, and artificial recharge to reverse the
water table gradient. The NRC staff is funding additional research to
investigate miticative techniques which can realistically be applied to a
variety of nuclear power plant sites following accidents. Initial indi-
cations support the feasibility of intercepting the contamination before
it reaches water users, providing that there is sufficient time to act.
Additionally, any radionuclides escaping to the river would undoubtediy be
closely monitored and protective actions (interdiction) invoked to prevent

harmful levels of exposure to the public.

013 How would ligquid pathway releases behave in the Hudson River?
Al13 The contamination of the Hudson River caused by a large scale liquid

pathway release would have several forms:

1. Radionuclides which remain largely in the dissolved state (e.q.,
tritium, iodine, strontium, technecium, ruthenium) would contaminate
the water, but would be largely purged from the Hudson River and
estuary by fresh water advection and tidal fluching in a period of
months following the release. These radionuc!ides would also con-

taminate aquatic life residing in the river, This contamination of
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aquatic life would be more persistent than the contamination of the

water itself,

b |

Some radionuclides, for example cesium, cobalt and plutonium, show a
great affinity for sediment, and will therefore contaminate the river
bottom and shorelines in addition to the water and aquatic life.

This type of contamination is not quickly flushed from the river or
estuary, and would therefore be much more persistent than the
strictly dissolved variety. Contaminated sediments would also serve

2s a long-term source of radionuclides to aquatic life.

0f particular importance are the isotopes cesium-134 and cesium-137, which
would be major contributors to the long term l1iouid pathway doses in the
Hudson River because they would be abundant in sump water, are relatively
long 1ived, and have relatively high sorption, bicaccumluation and dose
factors. Cesium isotopes released to the Hudsoﬁ River as a result of
weapons testing fallout and low-level releases from Indian Point, have
been extensively studied for over a decade (e.a., Ref. 7, Ref, 8). The
behavior of cesium in the Hudson River and estuary has been found to be
very complicated, because sorption by sediment and bioaccumulation by
aquatic life are both relatively high in fresh water, and relatively low
in calt water. The Hudson River experiences wide changes in salinity both
along its length and seasonally. During periods of high freshwater flow,
the salt wedge is pushed downstream of Indian Point, but is frequently
upstream of Indian Point during dry weather, If the radioactive release
from the Indian Point plant were to occur when the salinity at Indian

Point was low, cesium sorption onto sediments and bioaccumulation in fish
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would be high. Conversely, if the releases were to occur when the water
at Indian Point was brackish, sorption and bioaccumulation would be
greatly reduced. Furthermore, a fraction of the cesium sorbed to sediment
during fresh water periods would be subsequently released from the sedi-
ment when it came in contact with salt water, either because of a seasonal
salinity intrusion or because the sediment was physically transported
further downstream. Cesium released from contaminated sediment in this
manner has been shown to act as a source of contamination to fish,
although the direct contamination to fish from ingestion of contaminated

sediment appears tn be much less important (Ref, 9).

Contaminated sediments would accumulate in harbors and coves between
Indian Point and the Atlantic Ocean. Most of the open areas of the river
would receive relatively 1ittle sediment accumulation. New York Harbor,
over 40 miles downstream from Indian Point, would receive a sizable
fraction of the contaminated sediment. Approximately 10-30 percent of the
Tow level releases of cesium from Indian Point are estimated to accumulate
in the lower Hudson River and New York Harbor (Ref, 10), Under present
conditions, most of this cesium is remcved with sediment by maintenance
dredging and dumped at sea. I would expect that in the case of a large
liquid release to the Hudson River, the behavior of sorbed radionuclides
such as cesium would be the same as that observed for low-level releases,
especially if the release occurred over a period of several months. For a
short duration release, the behavior of sorbed radionuclides would be
strongly affected by conditions in the river, such as salinity and

sediment load, at the time of the release.
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Can vou bound the estimate of risk to the general population for the
1iquid pathway case?

The worst 1iquid pathway rontamination of the Hudson River which could
occur would be the case of a larce sump water release, coupled with a
groundwater travel time at the lower end of the predicted range. For
short groundwater travel times, relatively littie of the sump water radio-
activity would decay, and there might be insufficient time to intcraict
the groundwater pathway. This accident could therefore release large
gquantities of hazardous radionuclides to the Hudson River. I do not
believe, however, that it is possible with the available data to estimate
the probability of a short groundwater travel time, so I cannot express my

conclusions in terms of risk.

What weuld be the 1ikely response to a large liauid pathway release?

1f a large fraction of the contaminated sump water from a core melt acci-
dent were to escape through the ground, serious contamination of the
Hudson River would result. T would therefore expect that a realistic
response to such an accident would be highly precautionary. Monitoring of
groundwater and surface water contamination would start almost
immediately. Samples of water, fish and sediment would be continually
monitored tn gage their levels of radiation and danger to the public. The
public would be prohibited from coming in contact with dangerous levels of
contamination. Recreaticnal uses of the affected water and shoreline
would be restricted. Essentia’ uses of the river would also be restricted
to the extent possible to protect people from unnecessary radiation

exposures.,
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Recognizing that vou cannot estimate the probability associated with a
large liquid release to the Hudson River, what would maximum individual
exposure rates be to individuals caused by the deterministic, bounding
case liquid pathway releace?

There would probably be exposure to people who either ignored the
prohibitions, or who necessarily had to come in contact with the contami-
nated water or sediment. I have therefore calculated the potential

exposure rates to these individuals for the worst case liquid release.

I calculated a maximum external exposure of about 40 millirems per hour to
an individual immersed in the contaminated water near Indian Point, based
on the entire sump water inventory released uniformly to the Hudson River
over a period of 30 days, and an average fresh water flowrate of about
19000 cubic feet per second. I assumed complete mixing across the Hudson
River and vused immersion dose factnrs from Reference 11. A higher rate of
release or lower river flow would lead to a proportionately higher
exposure rate. The exposure rate would decrease with distance from Indian
Point because of tidal diffusion. Furthermore, once the release ceased,
the dissolved radioactivity would be flushed from the estuary in & matter
of one to several months, Unless the exposure were prolonced, the dose to
the individual would be much lower than what would be considered necessary

for early health effects.

Contaminated sediments would probably pose more of a threat than
contaminated water because of their much greater persistance and higher

radicactivity, People who might come in contact with contaminated
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sediment include dredge operators and those whose work would bring them

close to the shoreline.

Maintenance of New York Harhor involves the dredging of about 2 million
metric tons annually (Ref, 11). A stoppage of dredging would lead even-
tually to shoaling severe enough to interfere with shippina. It is there-
fore reasonavle to assume that dredging of the harbor would have to resume
sometime following the accident. I calculated an external whole body dose
rate of about 0.6 rem/hr for a person in close contact with dredge spoils
from New York Harbor four years after the postulated sump water release.

I based my estimate on the measured radiocesium profile caused by low-
level Indian Point releases (Ref, 12), scaled up to the accident release,
and assumed that a one meter thickness of sediment was removed. 1 then
applied dose rate factors for surface irradiatior from Ref. 11 and camma
photon shielding factors from Ref. 13 to calculate the dose one meter
above the spoils. While protection of the exposed individuals would be
desirable and probable, the calculated dose, even for a hypothetical

8 hour work day, would sti1l be much less than the threshold level for
early health effects., Other people coming into contact with contaminated
sediments in New York Harbor, such as divers, dock workers and other
personnel who mus* work close to the shoreline, would also be exposed to

contaminated sediments, but at lower rates than that calculated above.

I have also calculated the ground exposure at Verplanck Beach, on the
Hudson River, about 2 milec downstream of Indian Point, to be about
0.4 rem/hr one vear following the postulated release. I estimated this

rate of exposure by using water-sediment transfer factors, derived from
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measured radiocesium levels on Verplanck Beach (Ref. 13) resulting from
low-level Indian Point releases, to predict radionuclide surface
concentrations for the postulated 1iguid pathway release. [ then applied
the factors used in WASH-1400 for dose rate caused by standing on

contaminated ground (Ref. 14),

How would the dredae spoils be disposed?

Dredaoe spoils from the Hudson River are usually dumped at sea in the Mew
York Bight, Radioactively contaminated sediments, however, could be
classified as "low level radioactive waste," and dumping them at sea might

violate U.S. or international laws (e.q., Pef. 16, Ref. 17).

How long would hazardous levels of radioactive contamination persist in
the Hudson River?

The definition of "acceptable level of contamination" is highly uncertain,
and would depend on the interpretation of various requlatory authorities.
T cannot address this aspect of the question. [ can, however, describe
the natural and man-made factors which would cause the river, estuary and

harbor to be purified of contamination,

Dissolved radionuclides and some very fine suspended sediments will be
flushed to sea by freshwater advection and tidal diffusion. The time
scale for removal of dissolved radionuclides would be on the order of one

to several months.

Padioactively contaminated sediments would be more persistent, and would

tend to be deposited in particular portions of the river such as harbors
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and coves, There are several factor§ in addition to radicactive decay

which tend to remove or mitigate sediment contamination:

1. The sediments can be carried downstream by suspension and bedload
transport phenomena., These mechanisms merely alleviates the problem

in one area by increasing the problem in another area;

2. The radionuclides can be desorbed from the sediment and carried away
in the dissolved form, The important radionuclides, cesium and
cobalt undergn desorption in the nresencé of salt water during

salinity intrusions into the estuarv.

3. Contaminated sediments can be buried and diluted by fresh sediments,
effectively reducing their concentration but not actually removing

them from the estuary.

4, The sediments can be artificially dredged from areas where they

collect, and disposed on land or at sea.

A1l of thes2 mechanisms have been identified in the Hudson River and New

York Harbor.

In the vicinity of Indian Point, radiocesium is removed mostly by sediment
transport and desorption caused by salinity intrusion. The effective
halflife (time for sediment concentration to be halved) of radiocesium in
the open river near Indian Point is about 1 year (Ref. §). River
shoreline sediments, although contaminated to a lower degree than bottom

sediments, are more persistent. [ have not been able to predict the
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halflife of contamination on river shorelines, but it is greater than one
year and is probably several years,

In New York Harbor, and other areas of high sedimentation, burial and
dilution by fresh sediments is the most important mechanism for reducing
sediment concentration. The effective halflife of all pollutants in areas
of moderate to heavy sedimentation is on the order of 2 years (Ref. 13).
Substantial quantities of contaminated sediments are also removed from New

York Harbor and other shoaling areas by dredgina,

How contaminated would the beaches along the Atlantic Ocean be following
the release?

The Atlantic Ocean Beaches such as Coney Island and Rockway are heavily
utilized, so any ;ontamination would have relatively large effect on pop-
ulation dose. Fortunately, it appears that these beaches would be very
much less affected than the beaches and bottom sediments of the Hudson
River and New York Harbor. The Atlantic Ocean beaches are largely . uartz
sand with a very low fraction of fine material (Ref, 18), while river
sediments are mostly very fine silts and clays, very little of which Teave
New York Harbor except as dredge spoils. In fact, the net direction of
natural sediment transport is into the Harbor from the ocean. I know of
no direct measurements of Hudson River pollutants on the Atlantic Ocean
beaches, but sandy New York Bight and Raratan Bay samples are at least 2
to 3 orders of magnitude lower in concentrations of these contaminants
than are New York Harbor sediments (Ref. 8). I therefore estimate that
the beaches would be at least 2 to 3 orders of magnitude less contaminated

than the harbor or river beach sediments.
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How do the dose rates and risks which you have calculated for the liquid
pathway releases to the Hudson River compare to other accident pathways
considered for the Indian Point Probabilistic Safetv Study?

1 conclude that the consequences of a large liquid release to the Hudson
River would be relatively small compared to consequences evaluated for the
airborne release cases, and that the risk would be much lower. I base my

conclusion on the following factors:

1. The probability of a core melt with basemat penetration and sump
water release is relatively small compared to the probability of an
airborne release. A basemat penetration without sump water release
would be more probable than one with sump water release, but would

have much lower consequences and greater interdiction potential.

Lo It is not possible to demonstrate unequivocally that the travel time
and retardation at the site would be great enough to effectively
institute ground water interdiction, but long travel times are
entirely possible also. If such were the case, it would be highly
1ikely that a large fraction of the contamination would be stopped

before reaching the Hudson River,

3. Most of the exposure from the 1iquid pathway contamination of the

Hudson River could be prevented by denial of use of the river; and

4, The dose rates to individuals calculated for exposure *tn contaminated

sediments and beaches would be of the same order of maanitude as
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direct land exposure dose rates for much more probable and widespread

airborne release cases,

Exhibit 1 shows the ground surface dose exposure rates one meter above an
infinite smooth plain, calculated using the CRAC model (Ref, 14) for
Release Category C (RC-C) one year following the accident as a function of
downwind distance from the site. This case alone is shown because it
dominates the overall calculated risk for airborne releases. Two curves
are shown, The lower curve is the dose rate from the mean ground
deposition of the 91 trials (see Dr. Archarva's testimony Section IIT7.C
for a description of the sampling procedure used in the "CRAC" analysis).
The higher curve is the dose rate calculated for the highest deposition
rates from the 91 CRAC trials. The comparison of the Verplanck Beach and
New York Harbor sediment dose rates calculated for the worst case liquid
pathway release are seen to be less than or comparable to airborne ground
contamination dose rates alone over great distances from the site. The
RC-C event also has a higher nrobability than the groundwater liquid
pathway sump water release case (2.96 x 10-'4 per year for Unit 2 and
1.52 x 10-'4 per year for Unit 3). ~It should also be recognized that
ground exposure was just one nf several pathways evaluated for airborne
releases., Since the probability of the sump water release coupled with
short groundwater travel time would be very small, I conclude that the
risks associated with liquid pathway releases would be encompassed by

risks already calculated for airborne release scenarios,

Is the liquid pathway risk resulting from releases to the ground,

therefore, unimportant?
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[f a basement penetration were to occur, the liquid pathway from ground
water releases would 1ikely be economically important because of the costs
involved with mitigation, monitoring, and the potential denial of uses of
the contaminated waters, In addition, the airborne releases associated
with basemat penetration scenarios (Release Category H,'Dr. Acharya's
Testimony Section II11-C), would be relatively small compared to airborne
releases in other categories, especially for the cases where much of the
radioactivity would be tied up in the sump water. Therefore, the liquid
pathway could be an important component of the basemat penetration
scenario (Release Category H) risk, especially economic. The total
basemat penetration risk, however, is very small compared to other
airborne release risks, so it is not l1ikely that groundwater liguid
pathway risks would significantly contribute to the overall health or

economic risk.

What is the relative importance of airborne contamination of the liquid
pathway to that of contamination resulting from release to the ground?
In my judament, the airborne contamination of the liquid pathway appears

to be more important for a number of reasons:

1. As discussed above, the probability of a large sump water release to
the ground coupled with a groundwater travel time too short to allow

interception of the source, would bhe extremely small,

2. Once airborne radionuclides are released, they cannot be effectively

interdicted until they have fallen on land or water.
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3, While ground-water reieases would affect only the Hudson River, with
1ittle chance of contaminating drinking water supplies, airborne
releases might affect surface fresh water resources over a wide area,
especially drinking water sources for the heavily populated north-
eastern states including New York City (although the levels of con- -
tamination would be low). Airborne releases might also affect
ground-water resources, but to mucii lower levels of contamination

than surface water,

023 What quantity of radionuclides could be potentially released to the Hudson
River as a result atmospheric fallout from Indian Point accidents, and
how does it compare to the ground-water release case previously described?
A23 A useful comparison between the ground-water and atmospheric contamination
of surface water is to estimate the maximum quantities of radionuclides
entering the Hudson River for each case. For the sake of this comparison,

I have made the following assumptions:

1. That for the ground-water releases, the magnitude of the radioactive
source terms and the physical parameters €or transport through the
ground are those stated by the licensees in Section 6.7 of the IPPSS.

No credit is taken for source mitigation; and

2. That the Release Category C, as defined in the testimony of J. Meyer,

Section I11.B, airborne release applies and that winds ara blowing in

the direction that maximizes fallout in the Hudson River basin.
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The licensees' analysis of significant* radionuclides entering the river
from the sump-water releases, assuming expected conditions of ground-water

transport characteristics and no interdiction, was about 2.4 x 106

curies
of Ru-106, 25,000 curies of Sr-90, and 730 curies of Cs-137. For the more
probable basemat penetration without sump-water release, the licensees
estimated that only 1250 curies of Ru-106 and 480 curies of Sr-90 would
escape to the river., I conclude that there is a high probability that the
quantity of radionuclides reaching the Hudson River through ground-water
could be greatly reduced or virtually eliminated with mitigative measures

applied before the contaminated ground water reached the river, as

previously discussed.

Radionuclides in atmospheric releases would be deposited on the land and
open water surrounding the plant. Impacts would deperid laraely on the
wind direction, atmospheric stability and precipitation at the time of
release and in the following hours and days. Analysis of fallout using
the models of the CRAC code indicates that if the winds were blowing in
the north or northwest direction, roughly 65% of the non-noble-gas radio-
nuclides released to the environment would be deposited in the Hudson
River basin (i.e., all land and water surface area from which the Hudson
River derives its fresh water infiow). From data on atmospheric weapons
fallout and concentrations in surface waters (Ref. 19, Ref, 20), I have

estimated that roughly 14% of the Sr-90, 1.1% of the Cs-137, and 0.072% of

*A spectrum of radionuclides was considered but the
ones reported here are by
far the largest contributors to dose.
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the Cs-134 deposited in the drainage basin would eventually enter the
\

waters of the Hudson River from runoff, direct fallout on surface water

bodies, and infiltration into ground water. Therefore, for a large atmos-

pheric release sequence (Release Catecov C), I estimate that

18,000 curies of Sr-30, 1,100 curies of (Cs-134, and 10,000 curies of -

Cs-137 would enter the Hudson River for the up-river wind direction. I

have also made an order of magnitude estimate of 105 curies of Ru-106

entering the Hudson River by this pathway, although I have no firm data on

which to base a transfer coefficient.

024
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For the cases stated, uninterdicted liquid pathway doses to users of the
Hu”son River from airborne contamination would be potentially greater than
those for the around-water contamination route because of the relatively
greater quantities of high dose rate cesium isoctopes. In addition,
drinking water intakes upstream from the plant on the HYudson River would
only be seriously affected by airborne releases, not by the ground-water

releases,

What are the potential effects of airborne releases to bodies of water
other than the Hudson River?

Airborne releases could contaminate the reservoirs and their watersheds
which service the heavily populated areas of the northeast, Analysis with
the CRAC code shows that, following an accidental release and if the wind
were blowing in the preper directicn, greater than half of the cesium and
strontium released could be deposited onto the watershed of the Hudson
RPiver and the upper Delaware River, which contain the reservoirs serving

the New York City area with drinking water., Radionuclides could
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accumulate in fresh-water fish of these reservoirs and potentially

contribute to individual and population doses.

What would the potential consequences be if the wind were not blowing in

the direction of these reservoirs? -

Winds blowing in a more westerly direction would cirry the plume toward
other major drainages such as the Delaware River :nd Susquehanna River
basins, which service the wa*ter supplies for several large cities. A wind
blowir] to the northeast or east could affect the water supplies of the
Housatonic and Connecticut Rivers and other rivers ‘n New England. A wind
to the ««  ~~<t could potentially affect the ground-water resources of
Lorg 7, «s a result of the infiltration of deposited radionuclides. I
expect, however, that groundwater would not be 2s seriously affected by
atmospheric fallout as would surface water, because many of the
radionuclides would be effectively trapped by the soil overlying the
aquifer, It should be recognized that the wind direction for maximum
consequences through the liquid pathway does not necessarily correspond to
the direction for maximum consequences for the (traditional) airborne
pathway, so it would be incorrect to simply add the risks for both

pathways.

What, therefore, is the liquid pathway risk associated with the airborne

releases from the plants?

I have performed calcuiations to quantify the risk assocfated with an

accidental cortamination of the New York City water supply system from an

airborne release of radionuclides at Indian Point, I have restricted my
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detailed analyses to this svstem primarily because good quality data were
available, and the .ystem represents the most heavily used and vulnerable
water supply in the region which could be affected by an airborne release
at Indian Point, Later, in N/A39, I extrapolate the New York system

consequences to include other supplies as well,

Can you describe the New York City water supply svstem in relation to the
Indfan Point site?

Yes. New York City and several surrounding communities to the north and
northwest are supplied with drinking water by a complicated system of
reservoirs and aqueducts, as shown in Exhibits 2 and 3, supplemented with
minor amounts of ground water (Ref 21). There is also a rarely used in-
take on the Hudson River at Chelsea, which is about 20 miles upstream of
Indian Point. There are three main aqueducts bringing water to New York
City from areas over 100 miles from downtown Manhattan. The Croton svstem
consists of coupled reservoirs in the watershed to the east of Indian
Point. It supplies an average of 122 million gallons per day to New York
City. Although the Croton system is the smallest of the three major
aqueduct sysiems, it is also the closest to the Indian Point plants, and

is therefore more vulnerable to atmospheric contamination.

The Catskill system consists of Schoharie and Ashokan reservoirs to the
north-northwest of the site. Water from this system is conveyed to New
Tork City via the Catskill aqueduct, which supplies an average of

424 million gallons per day.
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The Delaware svstem consists of Cannon!111e, Neversink, Pepacton, and
Rondout reservoirs, to the northwest of the site. An average of 824 mil-
1ion gallons per day are conveved to New York City via the Delaware
aqueduct. The Pelaware system is the laragest, but is also the farthest

from the site,.

Much smaller amounts of water are supplied to public and private systems
of the metropolitan area by wells in Richmond, Nueens, and Long Island.
The Chelsea intake on the Hudson River is capable of supplving 100 million
gallons per day to the Delaware aqueduct, but is presently not in use.
There is also a minor amount of surface water supplied from the Bronx

Kiver watershed.

What happens to the water once it reaches New York City?
Once the aqueducts reach New York City, water is distributed by means of a
complicated, interconnected system of holding reservoirs and underground

tunnels, shown in Exhibit 3.

Describe the methods by which vou predicted the level of contamination of
the New York City water supply as a result of accidental airborne
releases.

I first developed an empirical model relating the concentrations of Sr-90
and Cs-137 in New York City water to the quantity of radionuclides
deposited on the land surface. ! used published data on radioactive
fallout deposition and tap water concentrations in New York City (Ref. 22)
to atjust the parameters of this model. Comparison of New York City fall-

nut data with that of other fallout data from stations in the eastern
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Inited States indicates that the New York City station data would be

fairly representative of the fallout in the watersheds for the reservoirs

in question, The predicted and measured annual average concentrations of

Sr-90 in New York City tap water are shown in Exhibit 4, It should be
noted that the model implicitly includes any removal of Sr-30 by water
treatment or man-made or natural processes between the reservoirs and the

users' water taps.

030 Why is your analysis restricted to Sr-90?

A20 A screening analysis which considered the potential quantities of each
radionuclide released to the atmosphere in large accidents, its halflife,
dose factor and the relative ease at which it moved from the land surface
to water led me "o the conclusion that for drinking water, Sr-90 alone
would be responsible for about 80 to 90 percent of the long-term whole
body dose. Neglecting all other radionuclides but Sr-90 would Tead to
only a small error in the drinking water dose estimates. In 1ight of the
large uincertainty in other portions of the dose assessment, the assumption

that all drinking water dose is caused by Sr-90 alone is justified.

031 Please continue with your description of the analytic techniques.

A31 The CRAC code used for the analysis of risk for the traditional airborne
pathway, as described in the testimony of Dr. Acharya, Section II1.C, was
slightly modified to store on maaretic tape intermediate values of ground
depositions of Sr-90 versus distance for each of the 91 assumed starting

times for the release category C case,
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Why did you consider only Release Category C?

This accident dominated the risk for the airborne pathway analysis, and I
suspected that the same would be true for the pathway due to airborne
contamination of drinking water, Combining the probabilities of the 9
release events considered by Dr. Acharya in his testimony with the quanti-
ties of radionuclides released and their dose factors leads me to the
conclusion that the RC-C event alore would account for about 98 percent of
the airborne/liquid pathway risk. Therefore, the other cases can he

neglected in terms of risk,

Please continue your discussion.

The intermediate stored data from the RC-C event were then used in a
computer program which factored watershed dimensions, distance, and the
wind direction probability (wind rose) to predict the cumulative frequency
distribution (CDF) of Sr-90 deposition on the watersheds for the Croton,
Catskill, and Delaware systems, either separately or combined. The Sr-90
deposition was then used to calcuiate the cumulative frequency
distribution for New York City tap water concentrations using the

empirical concentration model, from which dose estimates could be made.

What were the results of your calculations?
[ will first show the predictea tap water concentrations €for each of the
three systems, Croton, Catskill, and Delaware, since each system can be

considered as a separate unit,

Exhibits 5, 6, and 7 show the predicted tap water Sr-90 concentrations for

the Croton, Catskill, and Delaware systems respectively. Two curves are
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plotted on each graph showing the cumulative probability that the concen-
tration would not be exceeded. For each system, the highar curve is the
annual average concentration for the first year following the accident,
The lower curve is the tap water concentration five years after the acci-
dent, which is shown to give perspective to the degree of persistance of
the contamination problem. Also shown on the figures is the

300 picocuries per liter Maximum Permissible Concentration (MPC) for Sr-90
(10 CFR 20, Appendix B) for unrestricted areas, which could conceivably be
used as a benchmark or standard of acceptability for drinking water (even
though MPC pertains to normal rather than accidental releases). Each
concentration considers that no steps have been taken to reduce the
concentration by such measures as further water treatment or dilution.
llsing the Croton system for an example, Exhibit 5 shows that following the
RC-C accidental release, there will be about an 11 percent probability
that MPC would be exceeded for the first year average concentration, and a
5 percent chance that the concentration would still exceed MPC after 5
years, The probabilities of exceeding MPC for the Catskill and Delaware

systems are less because of their greater distances from the reactors.

What would concentrations be for periods less than a year following the
accident? Why is only the annual average concentration shown for the
first year?

The empirical tapwater concentration mode] was derived fiom slowly varying
data taken over long periods of time, and cannot be used to reliably
calculate concentrations for times shorter than one year following the
accident, For the case of an instantaneous deposition, the model would

predict an infinfte concentration. This, of course, would not really be
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the case because of Tong holdups of at least several months on the land,

in the reservoirs, and in the distribution system. Furthermore, since the

doses from ingestion of radionuclides in tapwater would be well below

threshold at which acute health effects or fatalities might be observed,

(as defined in the testimony of Dr. Acharya, Sect. II! C) concentrations .
can be used on an annual average basis for the purposes of calculating |

chronic dose commitments to individuals and populations.

Have you restricted your analysis only to drinking water?

! have concluded on the br<is of an approximate aralysis that drinking
water contamination would give an overwhelmingly larger population dose
than other 1iquid pathways which could be contaminated by airborne
releases from Indian Point, My analysis was based on recreational fish
catch statistics for most of eastern New York State (Ref 23), and assumed
that these fish would be exposed to Sr-90 and Cs-137 concentrations which
I have calculated for the New York City water system. Only freshwater
fish were considered, because bioaccumulation for freshwater fish is
markedly higher than for saltwater fish, and the highest water concentra-
tions would be expected in inland fresh waters, Neglecting saltwater fish
and shellfish is not expected to alter my conclusion., 1 further conclude
that the fisheries estimate is conservative for a least one reason: our
experience with the TMI accident shows that recreational fishinu
diminishes dramatically for the period of concern (Ref 24). Even if we
have substantially overestimated the fish catch, the population dose
attributable to fish ingestion would be relatively small, probably less

than one percent of that from drinking water.
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Please continue with your presentation,

Since the water supply for Mew York City ‘¢ derived from all three water-
sheds, considering combinations of the systems is also important. The
contamination probabilities of the three systems is highly correlated
because an event affecting one watershed is likely to affect another also.
[t would be incorrect to simply add the probabilities for each watershed.
Therefore, two more runs w” e performed, The first considered the
Catskill and Delaware systems as one watershed, weighted by their relative
contribution o the New York City supply. The second run considered the
Delaware, Catskill, and Croton svstems as one watershed, each weighted by

its relative contribution.

The significance of the combined Delaware-Catskill run is twofold. First,
the outflows of both the Delaware and Catskill aqueducts physically mix in
Kensico Reservoir near White Plains NY, and it is unlikely that either of
the aqueducts could be isolated without serious difficulties in supplying
New York City, Secondly, the combined flow from the system accounts for
about 91 percent of the total New York City use. Exhibit 8 shows that
there is apout a 1.1 percent chance of exceeding MPC for the first vear

for Sr-90 in the combined Catskill-Delaware system,

The combined Delaware, Catskill, Croton run shown in Exhibit 9 gqives the
weighted averaae tap water concentration for the entire system. Since the
Croton aqueduct water is not physically mixed with water from the other
two aqueducts before being distributed, concentrations in the parts of the

city served by different aqueducts would not necessarily be the same. The

average concentrations calculated from this run, however, can be used to
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calculate population doses, but not necessarily individual doses or the

probabilities of exceeding MPC,

What are the predicted consequences of the calculated concentrations in
the New York City Water Supply?

Concentrations of Sr-9C in drinkina water would be well below the levels
necessary to cause prompt health effects or fatalities. For example, if
no restrictions on drinking water were put into effect, and water with the
highest calculated concentration for the Croton system were ingested for
one year, the maximum individual dose commitment to an adult would be
roughly 20 rems for bone and 5 rems for total body, using the ingestion
dose factors of Regulatory Guide 1,109 (Ref, 25). The very large popula-
tion served, however, would allow the accumulation of a large population

dose, even at relatively low concentration levels.

Poses were calculated for an assumed population of 11 million people in
New York City and other users served, ingesting water for the first year
following the accident, and also for ingesting water for zn infinite
period following the accident. Population breakdowns, dose factors and
ingestion rates are those suggested in USNRC Peguiatory Guide 1.109

(Ref, 25). Exhibits 10 and 11 show the population doses (bone and whole
body) versus cumulative probability following the RC-C accident scenario,
which would be accumulated for a one year ingestion period following the
accident. These doses use the concentrations calculated for the combined
Delaware-Catskill-Croton <vestem, The probability-weighted doses for this

case, given the RC-C release occurs, can be calculated by integrating
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under the curves of exhibits 10 and 11. The first year doses are 2.5 x

6

10” person-rems for bone and 6.3 x 105 person-rems whole bod, .

For the infinite ingestion period, the doses are 9.0 x 106 person-rems for

bone and 2.2 x 106 person-rems whole body.

It is worth noting that about 53 percent of the dose is contributed by the
Croton system, although this supply accounts for only about 9 percen. of

the water used in the total system,

What is your estimate of “he total risk to all public water users outside
of those serviced by the New York City supply?

[ have not explored in any detail the public water supplies other than New
York City, but T have estimated the total risk in person-rems per reactor
year to all drinking water users following the RC-C airborne release. I

based myv estimate on the following factors and assumptions:

1. Because of the proximity of the New York City reservoirs to the
Indian ">int site, there is not likely to be anv surface water supply
which could be more highly contaminated from an accident at Indian
Point. Including all other surface supplies would, however, raise

the grobab111tz of water contamination.

2. Population and average radionuclide deposition rates were available
to a 500-mile radius from the site. It was assumed that the deposi-
tion rate onto land applied to the sources of drinking water of the

population at the same radius, and that transfer factors used in
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calculating the New York City tap water concentrations would be the
came. This assumption neglects the fact that a significant portion
of water is zupplied from underqround sources that would be less

affected by an airborne release from the plant,

[ estimated that the total risk within a radius of 500 miles of the
facility, in terms of uninterdicted population dose from all affected
public drinking water would be a factor of 2 to 3 higher than that of New

York City alone.

The probabilities of Release Category C without engineering fixes have
been defined in the Testimony of J. Meyer, Section III.B to be 2.96 x
10-'4/year for Unit 2 and 1,52 x 10-'4/year for Unit 3. Using the average
population doses for an infinite ingestion period presented above, I
calculate that the risks to the total affected population would be about
1630 person-rems/reactor year whole body uninterdicted dose for Unit 2.
The total whole body population dose risk for linit 3 would be about 836

nerson-rems/reactor year,

What options are available to alleviate contamination of the public water
supplies?

Some actions to lower radionuclide concentrations would be possible.
According to the New York City Department of Environmental Protectior
(DEP, Ref, 7°), the Catskill and Delaware watersheds each have a central
reservoir (C. skill system - Ashokan Reservoir and Delaware system -
Rundout Reservoir). There are no provisions to bypass these central

reservoirs, but the feeding reservoirs could be individually isolated.
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The Crnton system has several routing options for the individual reser-
voirs, The Croton aqueduct can also be bypassed and water conveyed to New

York City via the Delaware Aqueduct.

In the -vent of contamination of one of the holding reservoirs in New York
City, there are bvpasses which enable water to be routed around the

reservoir,

There is a limited amount of water treatment which could remove racdio-
nuclides from *he water. Coagulation mixing chambers exist on the
Catskill and Delaware Aqueducts prior to entering Kensico Reservoir. Of
course, radionuclides removed by coaqulation might present a hazard in the
form of contaminated chemicals. These chemicals could serve as a
long-term chronic source of radioictivity which might slowly be released

back to the water if they were not removed from the svstem.

Construction of treatment facilities for a water system as large as that
for New York City (1.4 billion gallons per day) would be a huge under-
takina, There is a study underway for a filtration plant for water coming
from the Croton System, (Ref.21) The plant would use a diatomaceous

earth medium which would have the capability of removinc a portion of the
radionuclides from the water, The plant would be designed to recvcle the
diatomaceous earth, however, which might make the process prohibitively
expensive for removal of radionuclides, since the medium would have to be

discarded once radioactively contaminated.
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Could water from one acueduct be substituted for water from a contaminated
system?

According to the DEP, the Catskill and Delaware Aqueducts convey water to
Kensice Reservoir where they would normally mix. It is possible that one
0of the aqueducts could be removed from service, but not without severely
restricting water use in the city. Water from the Croton system car be
diverted to the Deiaware aqueduct, but could supply only a small fraction
of normal demand in the absence of the Delaware and Catskill systems. A
single accident could contaminate both the Catskill and Delaware systems,
but it is less 1ikely that a single accident would contaminate both the
Croton system and the combined Catskill-Delaware systems. The Croton and
Delaware-Catskill systems are in virtually opposite directions from the
Indian Point site, and contamination would most 1ikely be carried by the

wind in only one direction following an accident,

How much uncertainty is there in your analyses of water contamination via
the airborne/1iquid pathway?

Most of the uncertainty in the CRAC analysis, discussed by Dr. Acharva in
his testimony, Section III.C, also applies to the airborne/liquid pathway
analyses, Aside from the uncertaintiec expressed by Dr. Acharva, the
following aspects of the CRAC code would be especially important in the

airhorne/liquid pathway risk analyses:

1. The ceposition rate model in CRAC is very crude since it accounts for
only two rates, wet and dry deposition, and has no depencznce on the

rate of rainfall.



043
A43

<37 »

Wind direction is considered to be independent of other atmospheric
phenomena such as stability and rainfall, when actually these vari-
ables are likely to be correlated. This might lead to a preferred
direction for wet deprsition fallout which would not be correctly

predicted by CRAC, ) ‘-

CRAC uses only the meteorology at the Indian Point site, and at only
one elevation, even for transport calculations at great distances
from the site., The 10-meter wind direction data used in the staff's
atmospheric dispersion analyses clearly show the effects of the steep
Hudson River valley, with the highest probability for winds upstream
and downstream along the Hudson River., These wind directions "steer"
the atmospheric plumes away from watersheds of the New York City
water system, If wind direction data from the 122-meter level were
used, the liquid/airborne pathway risk would increase by about

20 percent. Winds at that altitude are less influenced by the Hudson
River valley than the low altitude winds, and therefore, might be

more representative of the dispersion direction for large distances.

What do you conclude about the risk associated with the liquid pathway?

On the basis of my review and calculations, I am able to draw some

tentative conclusions:

|

In the unlikely event of a large accidental release of radioactivity,
liouid pathway doses would almost certainly be accumulated by indi-
viduals and populations at levels well belew the threshold necessary
for early fatalities or radiation i1lness. Pcpulation doses would

probably be accumulated at verv low levels, below protective action
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guidelines, but because of the large populations involved, could be

on the order of millions of person-rems,

Unlike the direct exposure tn the atmospheric plume (e.q., inhalation
dose), contaminated water or seafood can be interdicted at any level
necessary to 1imit dose. Normal water supplies could be impacted.
However, in view of the history in New York City and elsewhere
associated with emergency water management and conservative
practices, there is 1ittle doubt that sufficient quantities of
potable water could be supplied at safe concentrations. Some of the
water supply options available might include alternative sources
(e.g., tank trucks), conservation of uncontaminated supplies, and

additional trecatment of contaminated water,

Liguid pathway contaminration caused by the atmospheric release of
radionuclides is potentially more serious than liquid pathway con-
tamination from radionuc)ides released to the ground in a basemat
melt-through accident. There is a high probability that contaminated
ground water from basemat penetration could be isolated before
reaching the Hudson River, but atm. pheric release to the environment
probably could not. Furthermore, even for potentially large ground-
water pathway releases from the site, interdiction to prevent expo-
sure to the public would be confined to the Hudson River. Low-level
contamination of water supplies by an atmospheric release, however,

would pe more widespread and difficult to interdict.
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4, Population doses and risks associated with the contamination of the
1iouid pathway by the groundwater or airborne route would be a small
fraction of the population doses and risks which would be accumulated
from the traditional airborne pathways considered in Dr. Acharya's
testimony, Section III.C. Futhermore, wind directions tending to
maximize airborne/1iquid pathway doses would not correspond to the

directions maximizing the other airborne doses.

044 How would your conclusions be changed i€ the probabilities or the
magnitudes of the ground water or atmospheric releases were increased?

Ad44 Since liquid pathway dose rates are well below the threshold for early
health effects, I would expect that the consequences in terms of popula-
tion dose would increase proportionally to the increase in the gquantity of
‘adionuclides released, An increase in the probability cf a ground water
release would not be expected to affect the probability that the source
would be interdicted.

An increase in the quantity or probability of an airborne release would
fncrease the risk from the (traditional) airborne pathway as well as the
airborne liquid pathway risk. Therefore, the relative risk of the air-
borne 1iquid pathway to the traditional airborne pathway would remain

about the same.

045 Does this conclude your testimony?

A4S  Yes,

e N
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10, Population Bone Dose to Users of New York City Supply
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Exhibit 2 - Watersheds in New York City Municipal Supply System
(From Ref 21)
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Exhibit 3 - Sources of Supply & Consumtion for New York City System

(From Ref. 21)




Annual average Sr-90 concentration in New York City

tap water, Picocuries/Liter

w1117 T 17 51 1T

* Data from Reference 22

‘56 ‘58 ‘60 ‘62 ‘64 ‘66 ‘68 ‘70 72 ‘74 ‘76
Year

Exhibit 4 - Phenomenological model predictions of New York City
tap water Sr-90 concentrations
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Exhibit 5 - Predicted New York City tap water concentration following the RC-C event

(Croton System)
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Exhibit 6 - Predicted New York City tap water concentration following the RC-C event
(Catskill System)
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E xhibit 7 - Predicted New York City tap water concentration following the RC-C event
(Delaware System)
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Exhibit 8 - Predicted New York City tap water concentration following the RC-C event
(Combined Delaware-Catskill System)
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Exhibit 9 - Predicted New York City tap water concentration following the RC-C event
(Combined Delaware-Catskill-Croton System)
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Exhibit 10 - Population bone dose to users of New York City supply
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Exhibit 11 - Population whole body dose to users of New York City supply



Richard B. Codell
PROFESSIONAL QUALIFICATIONS

Office of Nuclear Reactor Regulation
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of the National Council ~n Radiation Protection and Measurements.
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