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PREFACE 

This document is one of the deliverables required of the Pacific 
Northwest laboratory (PNl) by the Technical Steering Panel (TSP) as part of 
the approved plans of the Hanford Environmental Dose Reconstruction (HEDR) 
Project. It provides the status of ground-water transport work. The document 
is being provided to the TSP and Centers for Disease Control (CDC) for review 
and comment prior to approval and finalization . 

PROJECT HISTORY 

In 1987, the U.S. Department of Energy (DOE) directed PNl to conduct the 
' 

HEDR Project after receiving a recommendation by the Hanford Health Effects 
Review (HHER) Panel in 1986. (Battelle Memorial Institute operates the 
Pacific Northwest laboratory.) The HHER Panel was formed to consider the 
potential health implications of historic Hanford Site releases of .radioactiye 
materials . 

Members of the TSP were selected by the Vice Presidents for Research at 
the major universities of Washington and Oregon to direct the work of the 
project. The IS-member TSP consists of experts in the various technical 
fields of importance to project work and representatives from the states of 
Washington, Oregon, and Idaho; Native American tribes; and the public. A 
December 1990 Memorandum of Understanding between the Secretaries of the DOE 
and U.S . Department of Health and Human Services (DHHS) transferred 
responsibility for managing the DOE's dose reconstruction and exposure 
assessment studies to the DHHS. This transfer resulted in the current process 
to establish a contract between Battelle and the CDC, which is an agency of 
the DHHS, to continue performance of project work. The TSP will continue its 
role as the technical director for Battelle's work when the contract with the 
CDC is implemented . 

The project objective is to estimate radiation doses to individuals and 
population groups from exposure to historical, radioactive emissions from the 
Hanford Site. Phas~ I of the project, which ended in July 1990, was designed 
to determine whether enough information of sufficient quality was available to 
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develop and demonstrate a dose estimating method. The product of this phase 
was a set of more than 20 documents that describe the preliminary information 
found or reconstructed, preliminary dose estimating models and computer codes, 
and estimates of doses and their uncertainties for representative individuals 
who may have lived near the Hanford Site during early years of operations. 
Phase I dose estimates were limited to about three dozen representative 
individuals living within a 10-county area near Hanford. Doses were estimated 
from potential exposure to iodine-131 released to the atmosphere from 1944 
through 1947 and to about ten radionuclides released into the Columbia River 
from 1964 through 1966. 

Technical work since July 1990 has consisted of evaluation of Phase I 
data and models, development of detailed plans for continuing work; 
restructuring of models to enhance capabilities; development of detailed 
releases of radioactive materials; and identification, acquisition, and 
evaluation of additional information on plant operations; environmental 
monitoring; demographics; and agricultural, lifestyle, and food consumption 
patterns. This information is being developed for 19 counties, for major 
pathways, and for the life of the Hanford Site--1944 through 1991. In addition 
to the work being performed by Battelle for dose estimations for the general 
population, research is being conducted by eight Native American tribes near 
the Hanford Site to support dose estimates for their tribal members. 

Work completed between July 1990 and the end of 1991 included 

a detailed description of the groundwater pathway and associated dose 
estimates 

restructuring and documentation of the stochastic atmospheric dispersion 
and deposition computer code 

restructuring and documentation of the stochastic environmental air 
pathways and dose estimating computer code 

-
a detailed description of the Columbia River pathway and associated 
environmental monitoring data and dose estimates 

reconstructed detailed release estimates of iodine-131 for the first 3 
years of Site operations 
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identification of all existing records of reactor operations for their 
lifetimes 

identification of all existing records of chemical separations plant 
operations for their lifetimes 

development of the computer code that models release of time- and 
activity-dependent, stochastic radioactive materials 

identification of environmental monitoring data for 1944 through 1957 

• development of the model for the production and distribution of milk and 
milk products for a 19-county area for 1944 through 1991. 

Project work being performed through FY 1992 will provide the basis for deci­
sions to be made by the TSP on whether and how to expand the scope of cur­
rently approved plans. Project work through FY 1992 will also generate 
various types of dose estimates. 

The technical work required to develop databases and computer codes to 
estimate doses to individuals and special population groups for key radio­
nuclides and major exposure pathways, in the 19-county area around the Hanford 
Site from 1944 through 1991, will be completed by the end of FY 1993 . 

Planned work activities for FY 1992 and 1993 are summarized in 
Figure P.1 and include 

A. Completion of time- and quantity-related release estimates for key 
radionuclides for the atmospheric and Columbia River pathways 

B. Completion of evaluation of Hanford-originated environmental monitoring 
data 

C. Completion of models and associated work: 

1. Milk production and distribution model for 19 counties 

2. Production and distribution model of exposed fruits and vegetables 
for 19 counties 

3. Simple routing and decay model for concentrations of key 
radionuclides in Columbia River water 

4. Development and implementatioR of a plan for sensitivity/ 
uncertainty analysis and verification/validation activities of 
project stochastic models--release, atmospheric , pathways, and dose 
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FIGURE P.1. HEDR Schedule Overview, FY 1992 - 1995 

D. Completion of dose estimates for 

&!~mary 

Sutnn.ry 

FY 
1995 

1. Hanford Thyroid Disease Study (HTDS) (which is conducted by the 
Fred Hutchinson Cancer Research Center) 

2. 19-county representative individuals and identified real 
individuals 

3. Native American tribes. 

The status of these activities will be documented in reports due to the 
TSP and CDC in FY 1992 and 1993. In FY 1994 and 1995, activities will be 
conducted to develop databases to estimate doses for other special population 
groups, minor pathways, and locations outside of the 19-county area. 
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GROUND-WATER PATHWAY REPORT 

Two points about this study need to be emphasized: 1) it is retrospec­
tive and 2) it is concerned only with radiological contamination. This study 
is retrospective in that HEDR staff reviewed existing literature to estimate 
radiation doses that populations or individuals could have received from 
radionuclides in contaminated ground water migrating off the Hanford Site. A 
considerable amount of contamination that may result in future radiation doses 
currently exists in the ground water and unsaturated zone (between the ground 
surface and ground water) at the Site. These potential future radiation doses 
were not evaluated as part of the HEDR project; they are being addressed by 
other studies at the Hanford Site. 

With respect to the second point, we are concerned with impacts only 
from radionuclides in ground water at the Hanford Site. A considerable amount 
of chemical contamination is also documented to be present in the ground water 
and unsaturated zone at the Hanford Site (Jaquish and Bryce 1990). The 
impacts from this chemical contamination, as with potential future radiation 
doses , are being addressed by other studies at the Hanford Site. 

There is a distinction between the work conducted on the HEDR Project to 
address ground water and the monitoring and characterization work currently 
being conducted to address compliance with the Resource Conservation and 
Recovery Act (RCRA); the Comprehensive Environmental Response, Compensation, 
and Liability Act (CERCLA); the Superfund Amendments and Reauthorization Act 
(SARA); and DOE orders. These compliance activities are being conducted to 
assess the risks of future exposures to radionuclides and hazardous chemicals 
currently in the soil and ground water at the Hanford Site. On the other 
hand, the HEDR Project is concerned only with exposure from radionuclides and 
with exposures that may have already occurred. 

The TSP will use the information contained in this report to decide 
whether the ground-water transport pathway has been adequately addressed. The 
question being addressed is to what extent the ground water pathway could have 
contributed to radiation doses. 
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ABSTRACT 

The Hanford Environmental Dose Reconstruction (HEOR) Project is being 
conducted to estimate radiation doses that populations and individuals could 
have received from Hanford Site operations from 1944 to the present. Four 
possible pathways by which radionuclides originating in ground water on the 
Hanford Site could have reached the public have been identified: 1) through 
contaminated ground water migrating to the Columbia River; 2) through wells on 
or adjacent to the Hanford Site; 3) through wells that draw some or all of 
their water from the Columbia River (riparian wells); and 4) through atmos­
pheric deposition resulting in the contamination of a small watershed that, in 
turn, results in contamination of a shallow well or spring. These four path­
ways make up the "ground-water pathway , " which is the subject of this study. 

The objective of the study was to assess the extent to which the ground­
water pathway contributed to radiation doses that populations or individuals 
may have received from past operations at Hanford. The assessment presented 
in this report was performed by 1) reviewing the extensive ·literature on 
ground water and ground-water monitoring at Hanford and 2) performing simple 
calculations to estimate radionuclide concentrations in ground water and the 
Columbia River resulting from ground-water discharge. Radiation doses that 
would result from exposure to this ground water and surface water were 
calculated. 

The study conclusion is that the ground-water pathways did not contri­
bute significantly to dose. Compared with background radiation in the Tri­
Cities {300 mrem/yr), estimated doses are small: 0.02 mrem/yr effective dose 
equivalent from discharge of contaminated ground water to the Columbia River; 
1 mremjyr effective dose equivalent from Hanford Site wells; 11 mremjyr effec­
tive dose equivalent from riparian wells; and 1 mrem/yr effective dose equiva­
lent from the watershed. Because the estimated doses are so small, the recom­
mendation is that further work on the ground-water pathway be limited to 
tracking ongoing ground-water studies at the Hanford Site. 
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SUMMARY 

The Hanford Environmental Dose Reconstruction (HEDR) Project is being 
conducted to estimate radiation doses that populations and individuals could 
have received from Hanford Site operations. Staff on the HEDR project are 
studying releases of radionuclides to the air, to the Columbia River, and to 
ground water, as well as transport of these radionuclides to locations where 
populations and/or individuals could have been exposed. 

The Technical Steering Panel (TSP) for the HEDR Project has identified 
four possible pathways by which radionuclides originating in ground water on 
the Hanford Site could have reached the public during the time period 1944 to 
the present: 

1. drinking water contaminated with radionuclides that migrated offsite 
either by ground-water discharge to the Columbia River or, possibly, by 
ground-water flow to wells on the Franklin County side of the river 

2.· drinking water from wells on or adjacent to the Hanford Site contami­
nated by radionuclides that migrated away from disposal sources at the 
Site 

3. drinking water from riparian wells (those next to the river) contami­
nated with radionuclides from Hanford operations 

4. drinking ground water from a shallow well or spring contaminated by 
radionuclides transported through the atmosphere and deposited on a · 
small watershed (stream drainage). 

These four pathways were investigated in the ground-water transport 
subtask of the Environmental Transport Task. Specifically, the objective of 
the subtask was to assess the extent to which the ground-water pathway 
contributed to radiation doses that populations or individuals may have 
received from past operations at the Hanford Site. 

APPROACH 

The technical approach to addressing the ground-water pathway was to 
review and summarize literature pertaining to ground water and ground-water 
monitoring both on and off the Hanford Site . Where no monitoring data were 
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available, simple calculations were used to estimate concentrations of 
radionuclides in ground water and radiation doses resulting from exposure to 
the ground-water contamination. 

The first ground-water pathway, offsite migration, was addressed by 
reviewing and summarizing results of ground-water monitoring both on and off 
the Hanford Site. In addition, simple calculations were performed to estimate 
radionuclide concentrations in the Columbia River resulting from ground-water 
discharge at the Hanford townsite where the main part of the tritium plume 
discharges to the river. As part of this pathway evaluation, the ext~nsive 
ground-water monitoring data reported for the Hanford Site were summarized. 
All ground-water monitoring data were considered, but more information exists 
for gross beta, tritium, and iodine-129 than for other radionuclides. Changes 
in interpretatiorys of the monitoring results are described and related to 
improvements in monitoring technologies. 

The second ground-water pathway, Hanford Site wells, was addressed by 
reviewing monitoring documents published by the Hanford Environmental Health 
Foundation and other Hanford Site contractors, as well as publications by the 
Washington State Department of Ecology and the Washington State Department of 
Social and Health Services. The third pathway, riparian wells, was addr~ssed 
by identifying the factors that impact radionuclide concentrations in riparian 
wells and extrapolating radiation doses from previous estimates for Richland 
and Kennewick water supplies. The fourth pathway, drinking water from a 
shallow well or spring contaminated by radionuclides from the Hanford Site, 
was addressed by simple calculations of atmospheric transport, deposition on a 
small watershed, and shallow ground-water transport to a spring. 

Dose estimates for representative radionuclide concentrations in the 
ground water are provided in this report. Dose estimates were either taken 
from published literature or were calculated where published estimates were 
not available. 

RESULTS 

The review of literature pertaining to the offsite migration pathway 
revealed that a considerable amount of information has been generated on the 
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distribution of radionuclides in ground water at the Hanford Site. Changes in 
monitoring technologies have improved the quality of information available and 
have changed interpretations of the ground-water contamination data. For 
example, during the early 1960s when tritium was found to be a product of 
Hanford Site operations, initial sampling and analysis of ground water in the 
unconfined aquifer demonstrated that the tritium had reached the Columbia 
River in detectable quantities (Brown and Haney 1964). However, improved 
analytical techniques enabled scientists to detect concentrations of tritium 
to 2000 pCi/L (down from 10,000 pCi/L). As a result, a smaller plume of 
tritium was found in the ground water, leading to the interpretation that the 
contamination had not yet reached the river (Essig 1968). 

Dose estimates for the four ground-water pathways are summarized in 
Table S.l. Radiation doses estimated for the offsite migration pathway were 
0.02 mrem/yr effective dose equivalent (at the Richland pumphouse during 1989) 
from discharge of Hanford Site ground water containing radionuclides to the 
Columbia River (Jaquish and Bryce 1990) and negligible from migration of 
contaminated ground water offsite to wells in Franklin County on the east side 
of the river (WDSHS 1988). The year 1989 was used for the ground-water dis­
charge example because that is when the highest concentrations of tritium in 
ground water had reached the river; the contributions during previous years 
would be less. Also the most recently published Hanford Site annual monitor­
ing report was for 1989 (Jaquish and Bryce 1990). The dose estimate of 
0.02 mrem/yr was taken directly from Jaquish and Bryce (1990). 

TABLE S.l. Summary of Dose Estimates for the Four Ground-Water Pathways 

Pathway 
Description · 

la. Offsite Migration to Columbia River 
lb . Offsite Migration to Wells 

in Franklin County 
2. Hanford Site Wells 
3. Riparian ~ells 
4. Watershed Pathway 

xiii 

Effective Dose Equivalent 

0.02 mrem/yr 

-o 
1 mrem/yr 

11 mrem/yr 
1 mrem/yr 



The 1989 average concentration of tritium in the Columbia River from 
ground-water discharge was estimated with simple calculations to be 6 pCi/L. 
This calculated concentration can be compared with the measured concentration 
of 66 pCi/L, which is the difference between average concentrations measured 
during 1989 upstream of the Hanford Site (at Priest Rapids Dam) and downstream 
(at the Richland pumphouse). When other sources of tritium in the 100 and 
300 Areas as well as uncertainty in the river measurements are taken into 
account, the calculated and measured contributions of ground water to tritium 
concentrations in the Columbia River are in reasonable agreement. 

Monitoring results for wells in Franklin County show that concentrations 
of all radionuclides are well below applicable drinking-water standards of the 
U.S. Environmental Protection Agency (EPA 1976). Uranium found in the wells 
has been determined to be of natural origin and not from the Hanford Site 
(WDSHS 1988). Therefore, the dose from offsite migration of Hanford Site 
radionuclides to wells in Franklin County can be considered to be negligible . 

The radiation dose for the Hanford Site well pathway was estimated based 
on the dose from tritium at the Fast Flux Test Facility (FFTF), which is open 
to the public. The dose from tritium at FFTF, which was highest during 1977 
resulted in 1 mrem annual dose to workers based on a 40-hour work week (Maas 
1978). The impacts to occasional visitors would be far less than the calcu­
lated impacts to workers. 

The radiation doses that might have been received from using riparian 
wells were difficult to quantify because only limited monitoring data are 
available. The maximum possible· dose from riparian wells during 1964 through 
1966 was estimated to be 33 mrem (11 mremjyr) effective dose equivalent, based 
on the dose from direct use of water from the Columbia River at Richland. 
Kennewick is the nearest municipality dow~stream of the Hanford Site that is 
supplied by riparian wells and is the only water supply from a riparian well 
known to have been monitored for radionuclides. The average radiation dose 
from drinking water from the Kennewick water supply was 10 mrem (3 mremjyr) 
effective dose equivalent, estimated for 1964 through 1966. 
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The maximum dose estimated with a simple calculation for the watershed 
pathway was 1 mrem/ yr effective dose equivalent (during 1945) for a range of 
possible parameters used. Ruthenium-106 was the only radionuclide predicted 
to reach the hypothetical well or spring through the shallow ground-water 
system in significant concentrations. 

CONCLUSIONS AND RECOMMENDATION 

Analyses of the ground-water pathways led to the conclusion that gro~nd 
water did not make a significant contribution to dose during the study period, 
1944 to the present. The dose estimates are small compared with doses from 
average natural background radiation (300 mrem/yr) in the Tri-Cities (Jaquish 
and Bryce 1990). People in Richland, Pasco and Kennewick who get their 
drinking water from the Columbia River would be the primary group potentially 
exposed to ground-water discharges to the river. 

Both the dose estimates from published literature and calculations per­
formed to address the overall ground-water pathway contain uncertainties. All 
of the uncertainties associated with dose estimates for the ground-wate~ 
pathway have not been quantified. However, because the dose estimates are 
small, quantifying and reducing uncertainties would not influence the conclu­
sion that ground water did not make a significant contribution to dose. 

The recommendation from the results of this study is that further work 
on the ground-water pathway be limited to tracking the results of ongoing 
ground-water studies at the Hanford Site. However, the TSP makes the final 
decision on whether the ground-water transport pathway has been adequately 
addressed or whether additional work is needed. 
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1.0 INTRODUCTION 

The primary objective of the Hanford Environmental Dose Reconstruction 
(HEDR) Project is to estimate past radiation doses that populations and indi­
viduals might have received from Hanford Site operations. One of the possible 
pathways for radionuclides to have reached the public is through ground-water 
transport. The contribution to dose by contamination transported through the 
ground-water pathway was investigated and is summarized in this report. 

Following the introduction (Section 1), the technical approach used in 
this study and the data quality objectives are described in Sections 2 and 3, 
respectively. In Section 4, a general description of ground water at the 
Hanford Site and a summary of the impact of Hanford operations on Site ground 
water are provided. Monitoring technologies used at the Site are described in 
Section 5. In Section 6, the movement of contaminated Hanford Site ground 
water is discussed, with emphasis on offsite migration. In Section 7, possi­
ble doses from drinking water from wells on and adjacent to the Hanford Site 
that could have been contaminated by radionuclides are described. In Sec­
tion 8, potential doses from radionuclides in riparian wells downstream from 
the Hanford Site are summarized . In Section 9, a summary of possible doses 
from atmospheric deposition on a small watershed and transport through a shal­
low ground-water system is provided. Finally, conclusions and recommendations 
are provided in Section 10. 

The report also has four appendixes. Appendix A is TSP Directive 88-4, 
which directs PNL to investigate the ground water pathway. Appendix B con­
tains a summary of sanitary-water systems (for drinking and other uses) at the 
Hanford Site. Appendix C is a summary of the current drinking-water limits 
for radionuclides. Appendix D is a glossary giving definitions for some of 
the technical terms used in this report. 

1. 1 BACKGROUND 

The HEDR Project was prompted by concern about possible health effects 
to the public from more than 40 years of nuclear operations at the Hanford 
Site (Figure 1.1). Battelle staff at Pacific Northwest Laboratory (PNL) 
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perform the research on the HEDR Project under the direction of an independent 
Technical Steering Panel (TSP). The TSP makes decisions on technical direc­
tion and reviews and approves all HEDR reports. One mechanism by which the 
TSP communicates with and provides direction to Battelle staff is by direc­
tives. The TSP issued Directive 88-4, Ground-Water Contamination Data, (see 
Appendix A) in 1988 to provide direction for investigation of the general 
ground-water pathway. A preliminary response to the directive was generated 
by Freshley (1989). This report expands the original response to cover the 
other two ground-water pathways and provide additional detail. 

Since 1944, large quantities of liquids -(primarily water) containing 
radionuclides have been discharged to the ground surface or subsurface at the 
Hanford Site.(a) A total volume of 444 billion gal of liquids have been 
discharged to the ground from 1944 through 1989. Approximately 678,000 Ci of 
radionuclides have been discharged to the ground at the Hanford Site since 
1944. This quantity of radionuclides is provided for 1989; radioactive decay 
has reduced some of the quantities of radionuclides since they were discharged 
to the ground. Because of these large discharges and their impact on ground 
water at the Hanford Site, the ground-water pathway was of interest to the 
HEDR project_. 

1. 2 PURPOSE 

The ground-water pathway was investigated to determine the extent to 
which releases of radionuclides to ground water at the Hanford Site and 
transport of the radionuclides in the ground water contributed to radiation 
doses received by offsite populations and individuals . 

1.3 SCOPE 

This report is a summary of the investigation of possible radiation 
doses the public may have received from 1) offsite migration of ground water 

(a) From a presentation by Westinghouse Hanford Company, "Historical 
Perspective of Radioactively Contaminated Liquid and Solid Wastes 
Discharged or Buried in the Ground at Hanford . " Available in the Public 
Reading Room, Federal Building, Richland, Washington . 
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contaminated by radionuclides; 2) drinking-water supply wells on . the Hanford 
Site containing concentrations of radionuclides of Hanford origin; 3) riparian 
wells (wells next to the Columbia River) downstream of the Hanford Site used 
for water supplies; and 4) atmospheric deposition of radionuclides on a small 
hypothetical watershed and transport through a shallow ground-water system. 

The scope of this report is to provide a summary of the movement of 
radionuclides that contaminated ground water in all of the Hanford Site opera­
tional areas, including the 300 Area where fuel was fabricated, the 100 Areas 
where the reactors are located, and the 200 Areas where spent fuel from the 
reactors was reprocessed. The time period covered is from 1944, when opera­
tions began, to the present. All radionuclides monitored in the ground water 
are considered, but the greatest amount of information exists for gross beta, 
tritium, and iodine-129. Populations and individuals that may have been 
affected by ground water contaminated with radionuclides are those living adja­
cent to the Hanford Site and downstream along the Columbia River, which was 
impacted by Hanford Site ground water. 
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2.0 TECHNICAL APPROACH 

The potential radiation dose from the ground-water pathway was addressed 
by reviewing and summarizing literature published on Hanford Site ground water 
and by performing simple calculations to evaluate impacts where monitoring 
results were not available. "Simple" means that the calculations were done 

mostly by hand and were based on existing (published) information. 

The ground-water pathway was addressed by reviewing and summarizing 

weekly, monthly, and annual monitoring reports, as well as ground-water 
reports published by both Hanford Site and offsite sources. A considerable 

amount of information has been published on the monitoring of ground-water at 
the Hanford Site for radioactive contaminants . A general summary of informa­

tion about ground water at the Hanford Site is provided in Section 4. Changes 
in the monitoring technologies over time were noted and are described in 
Section 5. The results of the review of documents on offsite migration are 
summarized in Section 6. In this report, ground-water monitoring results 

(radionuclide concentrations) are reported in the units used in the original 
references. Concentrations are reported in consistent units (pCi/L) in 
parentheses . 

Simple calculations were completed to estimate average radionuclide 

(tritium) discharge to the Columbia River . Tritium concentrations measured in 

ground-water wells near the river were scaled (multiplied) by the ratio of the 
ground-water discharge to the average annual flow rate of the Columbia River 

to estimate the concentration in the river. The results of these calculations 
and comparison with previous calculations and river monitoring results are 
summarized in Section 6. 

The drinking-water well pathway was addressed by reviewing monitoring 
reports published by the Hanford Environmental Health Foundation (HEHF) and 
other Hanford Site contractors pertaining to drinking-water systems at the 

Site . Reports for offsite water supply wells by the Washington State Depart­
ment of Ecology and the Washington State Department of Social and Health 

Services were also reviewed and summarized (Section 7). The riparian-well 
pathway was addressed by identifying factors that affect radionuclide 
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concentrations in riparian wel ls and extrapolating impacts from previous 
estimates (PNL 199lb) of dose for the Columbiar River pathway (Section 8). 

The watershed ground-water pathway was addressed by simple calculations 
of shallow ground-water transport in a small watershed. Transport of radio­
nuclides released to the atmosphere was estimated based on atmospheric model­
ing conducted during Phase I of the HEDR Project (PNL l99lc) . Assumptions of 
recharge to the shallow ground-water system and a 1-year travel time in the 
ground water were used to estimate concentrations at a well or spring 
(Section 9). 

Radiation doses for the ground-water pathways were either extracted from 
published literature, estimated based on an assessment of available informa­
tion, or calculated by hand. Doses for the offsite migration and drinking­
water pathways were obtained from published literature. Various monitoring 
reports have been published by contractors at the Hanford Site and offsite to 
address the offsite migration and drinking-water pathways. Radiation doses 
associated with the riparian-well pathway were estimated based on a limited 
amount of available information. The doses for drinking Columbia River water 
are an upper limit for the riparian-well pathway because the source of radio­
nuclides for this pathway is the river. Therefore , the Phase I results for 
the Columbia River pathway (PNL 199lb) were used to estimate maximum potential 
doses for the riparian well. Radiation doses for the watershed pathway were 
calculated based on radionuclide concentrations predicted to reach a well or 
spring in the small watershed and on the assumption that an individual drank 
the water. 
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3.0 ACHIEVEMENT OF DATA QUALITY OBJECTIVES 

Data quality objectives were established in the FY 1992 task plans for 
ground-water transport (PNL 1991d) . The data quality objectives stated in the 
task plans (PNL 1991d) addressed accuracy, precision, completeness, represen­
tativeness, and comparability. Each of these objectives was to be addressed 
in completing the investigation for the ground-water transport task . 

In most cases, no new data were generated for the ground-water pathway. 
Because most of the data were from existing monitoring reports, accuracy was 
ensured by checking the data in this report against the original sources for 
transcription errors. for ·the simple calculations of ground-water discharge, 
the estimates of tritium discharge to the Columbia River were compared with 
calculations made by other researchers (Prater et al. 1984) and with the 
results of monitoring tritium concentrations in the river (Jaquish and Bryce 
1990) . An independent, qualified peer reviewer also checked the hand calcula­
tion . For the calculations performed to estimate the impacts of atmospheric 
deposition on a watershed and shallow ground-water flow to a well or spring, 
no monitoring data were available for comparison of results . Again, to ensure 
accuracy, an independent, qualified peer reviewer checked the calculations. 

Precision was included as part of the data quality objectives to quan­
tify uncertainties in reported and calculated radionuclide concentrations and 
doses . Most of the ground-water monitoring results presented in this report 
are summarized in maps showing the extent and/or distributions of contamina­
tion. Because these maps were taken from published weekly, monthly, annual, 
and topical Hanford Site reports, they are interpretations of the data by the 
researchers who reported it. Where the information is available , analytical 
detection limits and monitoring technologies such as well construction and 
sampling and analysis methods are included in the discussion of the map inter­
pretations . Uncertainty of the existing monitoring data was difficult to 
assess because not all of the monitoring reports include information on the 
analyses that were used to generate results or even on the detection limits 
during the early years. Reporting of analyses used and detection limits 
improved with time, as did reporting the results of multiple samples as 
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ranges. One part of the ground-water transport task was to demonstrate how 
interpretations of the monitoring data changed with time and with improvements 
in the monitoring technology. 

Uncertainties were included in the calculations performed for the 
ground-water pathway. For the hand calculations of 1) ground-water and radio­
nuclide discharge to the Columbia River and 2) atmospheric deposition and 
ground-water transport for the watershed pathway, ranges (maxima, minima, and 
best estimates) of radionuclide concentrations and doses are presented. This 
approach was used to ensure that results of the calculations account for varia­
bility (uncertainty) in the input parameters. 

Completeness was included as a data quality objective to ensure that 
discovery of any additional ground-water concentration data would not change 
the conclusions of the investigation (PNL 1991d). Completeness of the review 
of ground-water data for the Hanford Site was ensured by reviewing all weekly, 
monthly, quarterly, and annual monitoring reports published since operations 
began in 1944 and summarizing the results of the review in this report. An 
annotated bibliography was developed for the documents that were reviewed and 
is available as a project record.(a) In addition to the published monitor-
ing reports, we reviewed topical reports describing various studies of ground 
water at the Hanford Site and reports from the Basalt Waste Isolation Project 
(BWIP). Outside publications by state agencies (Washington State Department 
of Ecology and Washington State Department of Social and Health Services), 
independent consulting firms (SEARCH Technical Services, Inc.), and the U.S. 
Geological Survey were also reviewed. 

All of the ground-water monitoring results for the Hanford Site are not 
included in this report; there are far too many data to include them all. 
These data are included in the Hanford Site Ground-Water Data Base implemented 
on a computer system at the Site. Interpretations of the monitoring data and 
how the interpretations changed with time are presented. Where insufficient 
data were available for previous researchers at the Hanford Site to provide 

(a) Available at the Public Reading Room, Federal Building, Richland, 
Washington. 
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map interpretations (plumes), the data are included in this report. Data list­
ings are provided only where changes from previous reporting periods were 
noted by the researchers. 

The data quality objective on representativeness -was included to ensure 
that results of the investigation were representative of the conditions exist­
ing at or near the Hanford Site during the past 45 years. The data quality 
objective on comparability was included to ensure that results presented in 
this report were comparable to the existing reports . Because the results 
presented were extracted from the published monitoring and topical reports, 
they are representative of conditions existing at the time of the reports. 
However, it is important to recognize that the results are based on interpre­
tations of the available monitoring data. Individuals with considerable 
ground-water monitoring experience peer reviewed this report to ensure that 
the results were representative of monitoring data on Hanford Site ground 
water. 
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4.0 HANFORD SITE GROUND WATER 

Ground water at the Hanford Site (see Figure 1.1) has been investigated 
since before Site operations began in 1944. Parker and Piper (1949) summa­
rized early investigations of Hanford Site geology and hydrology by the U.S. 
Geological Survey (USGS). The USGS followed the early investigations with 
other reports on the Hanford Site: 1) Newcomb and Strand (1953), which is a 
modification of Parker and Piper (1949); 2) Newcomb, Strand, and Frank (1972); 
and 3) more recently, USGS (1987). In addition to the USGS investigations, 
geologic and hydrologic characteristics at the Site have been summarized in a 
number of reports by Hanford contractors (duPont de Nemours, General Electric, 
Atlantic Richfield Hanford Company, Rockwell Hanford Operations, Westinghouse 
Hanford Company, and Pacific Northwest Laboratory) and in DOE publications 
such as the Site Characterization Plan (DOE 1988) for the Basalt Waste 
Isol~tion Project (BWIP). 

Both confined and unconfined aquifers are present beneath the Hanford 
Site (Jaquish and Bryce 1990). The unconfined, or water-table, aquifer is 
located in lake-deposited and glacially deposited sediments overlying the 
basalts. This relatively shallow unconfined aquifer has been affected by 
waste-water disposal resulting from operations at the Site (Graham et al. 
1981). The confined aquifers are found primarily between layers of the 
Columbia River basalts. Each of these aquifers is confined by less permeable 
geologic layers above and below. Ground water in thes~ aquifers is under 
pressure greater than that of the atmosphere. 

4.1 MOVEMENT OF GROUND WATER AT THE HANFORD SITE 

The general flow pattern within the unconfined aquifer at the Hanford 
Site is from recharge areas in the west to discharge areas (Columbia River) in 
the east, as illustrated by the water-table map for June 1989 (Figure 4.1). 
As the unconfined aquifer has been recharged from waste-water disposal in the 
200 Areas of the Site, the level of the ground water has risen, altering the 
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local flow pattern for the aquifer. The water table in 1944, before Hanford 
Site operations began, is illustrated in Figure 4.2. Water levels in the 
unconfined aquifer have changed continuously during Site operations because of 
variations in the volume of waste water discharged (Zimmerman et al . 1986; 
Newcomer 1990). As a result of these water-level variations and other influ­
ences, both the movement of ground water and contaminants in the ground water 
have changed with time . 

Ground water in the confined aquifers within the Columbia River basalts 
originates primarily as precipitation that infiltrates in elevated recharge 
areas surrounding the Columbia Basin (DOE 1988). The Columbia Basin is 
defined by the areal extent of the Columbia River basalts, which were confined 
during their eruptions by the Cascade Mountains to the west, the Blue Moun­
tains to the east, and highlands to the north and south. The upper confined 
aquifers are artificially recharged by irrigation, mainly in the eastern and 
northeastern portions of the Pasco Basin (a subbasin of the Columbia Basin), 
where the basalt formations are at or near the land surface (Gephart et al. 
1979). 

On the Hanford Site, ground-water in the uppermost confined aquifer flows 
primarily from the west to the east toward the Columbia River (Figure 4.3). 
Hydraulic-head measurements made in wells on both sides of the Columbia River 
show that ground water in the confined aquifer flows toward the river (Bauer 
et al . 1984). Ground water in the uppermost confined aquifers eventually dis­
charges to the Columbia River (DOE 1988). However, the river is not a line 
marking the exact point of discharge from the confined aquifers, as it is for 
the unconfined aquifer. Ground water in the confined aquifers likely dis­
charges first to the unconfined aquifer and then to the river . 

Vertical flow of ground water between confined aquifers in the Columbia 
Basin is impeded by the low hydraulic conductivity of the basalt confining 
units . The dense interior sections of the basalt flows have vertical hydrau­
lic conductivities that are about five orders of magnitude lower than the 
moderately conductive tops of the flows and sedimentary interbeds (DOE 1988) . 
Therefore, because they are closest to the surface, the uppermost confined 
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aquifers, the Saddle Mountains Basalt flow top, and the Rattlesnake Ridge 
Interbed have the greatest potential for contamination by radionuclides that 
have entered the unconfined aquifer from Hanford Site operations. 

A comparison of measured hydraulic heads for the unconfined aquifer (Fig­
ure 4.1) and the upper confined aquifers (Figure 4. 2) at the Hanford Site (DOE 
1988) shows that in the western half of the Site , hydraulic heads are higher 
in the unconfined aquifer than in the confined aquifer; in the eastern half of 
the Site, they are higher in the confined than in the unconfined aquifer. 
Therefore, over the western half of the Site, ground water can move downward 
from the unconfined to the confined aquifer. Over the eastern half of the 
Site , ground water can move upward from the confined to the unconfined 
aquifer. 

The Gable Gap area southwest of Gable Mountain has been shown to be an 
area of increased vertical movement of water between the unconfined aquifer 
and the uppermost confined aquifers (Graham, Last and Fecht 1984; Early, Hall, 
and Johnson 1988). According to Graham, Last and Fecht (1984}, this increased 

. 
vertical movement results from hydraulic gradients created by waste-water 
disposal in the 200 Areas , deformation from formation of Gable Mountain and 
Gable Butte, and localized erosion of the upper confining layers. 

4.·2 SOURCES OF RADIONUCLIDES IN HANFORD SITE GROUND WATER 

The Hanford Site was established in 1943 as the location for facilities 
needed to produce plutonium for atomic weapons used in World War II; opera­
tions at the Site began in 1944. Radionuclides in ground water at the Hanford 
Site are from operations in the 100, 200, and 300 Areas of the Site. Fuel for 
the reactors was fabricated in the 300 Area; reactor operations to irradiate 
uranium fuel to create plutonium occurred in the 100 Areas; and chemical sepa­
ration of plutonium from urani~m and other fission products present in the 
irradiation fuel was done in the 200 Areas. Research and development activi­
ties were also conducted in the 300 Area. 

Some of the waste products from operations were discharged to the ground 
in engineered facilities. As previously described in Section 1.1, about 
444 billion gallons of liquids, containing approximately 678,000 Ci of radio-

4.6 



1989. (a) The waste-disposal facilities at the Hanford Site are described in 
Parker (1954), ERDA (1975), and Stenner et al. (1988) and are summarized in 
this section of the report. 

4.2.1 Contamination from Solid-Waste Disposal 

Contaminated solid wastes have been disposed to the ground at the Hanford 
Site since 1944 (Stenner et al. 1988). These wastes have been disposed 
underground in trenches, caissons, and tunnels and on retrievable storage 
pads. Most of these solid-waste facilities were backfilled trenches of dif­
ferent sizes and shapes. A cross section of a typical solid-waste trench is 
illustrated in Figure 4.4. Contaminated materials that were placed in the 
trenches consisted primarily of failed equipment placed in concrete, wooden, 
or metal boxes. Dry wastes consisted of contaminated rags, paper, filters, 
disposable supplies, soil, small pieces of equipment, as well as other small 
disposable items. The contaminated dry waste was packaged in 4.5 ft3 card­
board boxes. 

Solid-waste disposal facilities are in all of the operating areas 
(Stenner et al. 1988). However, because of the dry climate at the Hanford 

Existing Grade 

I 

FIGURE 4.4. Schematic Cross Section of a Typical Solid Waste Trench 
(after Stenner et al. 1988) 

(a) From a presentation by Westinghouse Hanford Company, "Historical 
Perspective of Radioactively Contaminated Liquid and Solid Wastes 
Discharged or Buried in the Ground at Hanford . " Available in the Public 
Reading Room, Federal Building, Richland, Washington. 
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Site, contaminants are released slowly from the solid wastes; radionuclides 
associated with the wastes have not migrated from the waste sites and have not 
contaminated the ground water (Stenner et al. 1988). 

4.2.2 Contamination from Liquid-Waste Disposal 

As with solid wastes, radioactive liquid wastes have been generated at 
the Hanford Site since 1944 (Stenner et al. 1988). These wastes have been 
discharged to ponds and swamps, ditches, trenches, cribs, caverns, french 
drains, sumps, and reverse wells. The liquid wastes that were discharged to 
the ground include uncontaminated water, water contaminated with low-level 
radioactive wastes, and some water contaminated with high-level radioactive 
wastes. 

The locations of many of the early radioactive liquid waste disposal 
facilities were documented in Clukey (1954a and 1956). The name, type of 
structure, location in Hanford coordinates, surface and bottom elevations, 
waste source, and drawing numbers of early facilities were all identified by 
Clukey (-1954a and 1956). The locations of facilities constructed after 1956 
were summarized by Stenner et al. (1988). 

Discharge of liquids containing radionuclides to the waste-disposal 
facilities was the primary mechanism for· contamination of the ground water at 
the Hanford Site. The different types of disposal facilities and the waste 
each received is described below. 

Ponds and swamos are bodies of water in natural or manmade surface 
depressions. The ponds were used for disposal of large volumes of nonradio­
active liquid effluent from cooling and process operations. Some radio­
activity was introduced to these effluents from unplanned failure of process 
vessels and piping. As these liquids seeped into the ground, many of the 
radionuclides such as strontium-90 were attenudated by the soil. To prevent 
the contaminated soil from spreading by atmospheric transport, clean water was 
routinely discharged to the ponds to maintain the surface area of the pond and 
prevent drying. 

A cross section of a typical pond is illustrated in Figure 4.5. Major 
ponds used at the Hanford Site were U Pond in the 200-West Area and Gable 
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FIGURE 4.5 . Schematic Cross Section of a Typical Disposal Pond 
(after Stenner et al. 1988} 

Mountain Pond and B Pond in the 200-East Area. These ponds received most of 
the process cooling water that was discharged to the ground in the 200 Areas. 
U Pond was decommissioned (shut down and covered with backfill} in 1984, and 
Gable Mountain Pond was decommissioned in 1987 (Freshley and Graham 1988). 

Ditches are long, narrow, unlined excavations used for conveying to the 
ponds large volumes of the process cooling water containing low levels of 
radioactivity. 
as the ponds. 

The ditches, therefore, had the same levels of contamination 
Ditches were also kept full to prevent contaminated soil from 

spreading by atmospheric transport. 

Liquid-waste trenches are long, narrow, unlined excavations used for dis ­
posal of process cooling water containing low levels of radioactivity. 
Trenches in the 100-Areas were used over long periods of time for disposal of 
reactor coolant water containing radionuclides from failed fuel . The 200-Area 
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trenches were generally used over short periods of time for disposal of 
limited quantities of radioactive effluent . Some of these liquid-waste 
trenches were covered; others were not. 

The principle behind use of the liquid-waste trenches was for the radio­
nuclides to remain close to the discharge point and the low-level radioactive 
waste to move vertically down toward the ground water. Without continuous 
discharge of liquid to the trenches , radionuclides such as strontium-90 and 
cesium-137 were not expected to move downward very far toward the ground water 
(Parker 1954). 

Cribs are soil-covered, liquid-waste disposal facilities usually filled 
with rocks and timbers. Different designs were used . The early designs 
consisted of timbered boxes that were open only at the bottom (see Fig-
ure 4.6). The liquid waste was discharged into the ground inside the box, 

FIGURE 4.6. Schematic Diagram of a Typical "Timbered-Box" Crib 
(from Stenner et al . 1988) 
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which was also equipped with a vent line. Some cribs had either a second 
cavity or tile fields for spreading the discharge over a larger area. 

Cribs constructed in later years were built by partially filling an 
excavation with sorted rock or gravel with a distribution pipe placed in the 
rock or gravel to provide uniform flow of liquid over the crib bottom. The 
gravel was topped by an impermeable membrane or layer of asphalt and the 
entire crib covered with soil to provide radiation protection and prevent dis­
persal of potentially contaminated soil. 

Caverns are a variation of cribs, consisting of covered gravel pits of 
different sizes designed to receive a variety of low-level wastes, primarily 
process ~ondensates and cooling water. During the early years of operations 
(the exact length of time was not specified), open trenches served the same 
function as cribs and were covered with wooden, canvas, or plastic sheets to 
prevent airborne spread of contamination (Parker 1954). 

Sumps are the same as liquid-waste disposal trenches, but are essentially 
square or round, rather than rectangular. Sumps were intended to receive only 
intermittent, low-volume waste discharges. 

French drains are covered or buried rock-filled structures with an open 
bottom to allow liquid to drain into a gravel-filled excavation. French 
drains are similar to cribs, but are much smaller. They were used primarily 
for intermittent, small-volume waste streams . 

Reverse wells are drilled holes or wells that are buried or covered. The 
lower end of the casing is perforated or open to allow liquid to drain into 
the soil or unsaturated zone. These wells were drilled to within several tens 
of feet of the water table. Early in Hanford Site operations, reverse wells 
were used to a limited extent for low-level wastes, but proved unsatisfactory 
because they plugged easily and introduced the wastes close to the ground 
water. According to Parker (1954), use of a reverse well early in Hanford 
Site operations resulted in a small amount of radioactive contamination in the 
ground water. 
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Other types of liquid storage facilities were used at the Hanford Site to 
store radioactive liquid wastes. Tanki and vaults were constructed to contain 
radioactive liquid wastes to prevent entry into the soil and unsaturated zone. 
Documented leaks in a number of the waste storage tanks have introduced 
contaminants into the unsaturated zone {DOE 1987). Smoot and Sagar {1990) 
summarized monitoring data and the results of computer simulations for the 
241-T-106 single-shell tank leak. Results of the simulations demonstrated 
that under certain recharge and soil conditions, ruthenium-106 in the soil 
column {vadose zone) will reach the water table. 

4.3 CLASSIFICATIONS OF RADIOACTIVE WASTE 

liquid radioactive wastes at the Hanford Site were segregated based on 
classifications to determine whether they were to be stored in waste tanks or 
could be discharged to the ground. The liquid radioactive wastes were divided 
into three classes: high-level wastes, intermediate-level wastes, and low­
level wastes {Brown and Raymond 1962b). 

High-level wastes were those that contained most of the fission products 
from reprocessing operations in concentrations greater than {100 ~Ci/ml 
{1011 pCi/l). These wastes at the Hanford Site are stored in steel tanks 
buried beneath the ground. The policy for operating the waste tanks was that 
no high-level wastes woul~ be intentionally discharged to the ground {Brown 
and Raymond 1962b). However, documented leaks from the waste tanks have 
occurred {DOE 1987). 

Intermediate-level wastes were those that had been separated from the 
high-level wastes and generally had radionuclide concentrations in_ the range 
of 10-s to 100 ~Ci/ml {10,000 to 1011 pCi/l). Most intermediate-level wastes 
at the Hanford Site are stored underground in the high-level waste tanks. 
Some of the intermediate-level wastes, however, were discharged to trenches 
when evaluation of the particular waste showed that the soil column would 
eff~ctively retain radionuclides contained in the waste. The quantities of 
intermediate-level wastes discharged to the ground were kept to a minimum. 
Intermediate-level wastes were disposed of in trenches until radionuclides 
with greater than a 3-year half-life were detected in ground water in 
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concentrations exceeding 10% of the concentration that would result in the 
maximum permissible occupational exposure (Brown and Raymond 1962b). 

Low-level wastes consisted of process cooling water and steam condensate 
that occasionally became contaminated from leaks tn portions of the separa­
tions processes for recovering plutonium from spent fuel. The level of radio­
active contamination in low-level wastes was not intended to exceed 
10-5 ~Ci/ml (10,000 pCi/L). However, periodic difficulties with processing 
operations allowed small quantities of intermediate- and high-level wastes to 
enter these waste streams (Paas and Heid 1955). The large volume, low-level 
radioactive waste streams were discharged to open swamps or ponds. Radio­
nuclides in the low-level waste streams did not contribute significantly to 
contamination in the ground water, but had significant impact on the direction 
of flow. 

4.4 INVENTORIES OF SOLID- AND LIQUID-WASTE DISCHARGES 

Inventories of solid- and liquid-waste discharges to the ground are sum­
marized in Hanford Site documents provided by the various Hanford Site operat­
ing contractors. The amount of detail about the numbers of specific radio­
nuclides reported in the waste streams and when discharges occurred increased 
with time. Seymour (1946) provided an early summary in total curies of radio­
nuclides released to the environment through 1946 . Ruppert and Heid (1954) 
summarized the inventories of radionuclides in liquid process wastes dis­
charged to the ground in the 200 Areas for July 1952 through June 1954. The 
document also provides a summary of discharges to the ground in the 200 Areas 
from the beginning of Hanford Site operations in 1944 to July 1954. The data 
are summarized for waste stream volume and concentration of uranium, plu­
tonium, beta emitters, cesium-137, strontium-90, with special analyses for 
antimony-125 and ruthenium-106. Paas and Heid (1955) provided a monthly 
summary of the amounts of radionuclides discharged to the ground at separa­
tions facilities in the 200-East and 200-West Areas from July 1954 through 
June 1955. 

Clukey (1954b) summarized the inventories of radioactive liquid wastes 
discharged to the ground in the 300 Area during 1954 . All of these wastes 
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were associated with fuel fabrication activities; the dominant radionuclide 
was uranium. Two of the waste streams were discharged to the ground; the 
third was accumulated in storage tanks inside a 300-Area Building and trucked 
to a crib in the 200-East Area. Process wastes consisting primarily of 
unirradiated uranium were discharged in two diked surface ponds between the 
300-Area fence and the Columbia River. 

The inventories of radionuclides stored in the greatest amounts as solid 
wastes in the ground at the Hanford Site are listed in Table 4.1. The inven­
tories of radionuclides are decayed to 1989 (listed as the inventories present 
as of 1989, taking into account inventory reductions because of radioactive 
decay). Radionuclides other than those listed are present in solid wastes, 
but in much smaller quantities. The total volume of solid waste stored in the 
ground at the Hanford Site is approximately 625,100 m3 • Additional solid 
waste inventories are stored in strontium-90 and cesium-137 capsules 
(173,500,000 Ci) in the 200 Areas; irradiated fuel storage (62,870,000 Ci) in 

TABLE 4.1. Total Radionuclide Inventories Stored as Sol?S Wastes 
in the Ground at the Hanford Site as of 1989 a 

Radionuclide Inventor~ (Ci} Areas Stored 
Trit i urn 266,800 100, 200 
Strontium-90 2,030,600 100, 200, 300 
Cesium-137 2,541,200 100, 200, 300 
Carbon-14 6,300 100, 200 
Uranium 560 200, 300 
Americit.im-241 1,100 200, 300 
Plutonium 27,500 200, 300 
Total (curies) 4,875,100 100, 200, 300 

(a) From a presentation by Westinghouse Hanford 
Company~ "Historical Perspective of Radio­
actively Contaminated Liquid and Solid Wastes 
Discharged or Buried in the Ground at Hanford." 
Available in the Public Reading Room, Federal 
Building, Richland, Washington. 
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the 100, 200, and 400 (FFTF) Areas; and solids in above-ground storage facili­
ties (651,000 Ci). More than 99% of the solid-waste inventory is stored in 
the 200 Areas. 

The inventories of radionuclides discharged to the ground in liquid 
effluent are listed in Table 4.2. The inventories of radionuclides are 
decayed to 1989 (listed as the inventories present as of 1989, taking into 
account inventory reductions because of radioactive decay). Other radio­
nuclides were discharged to the ground, but in much smaller quantities. The 
total volume of liquids discharged to the ground at the Hanford Site is 
approximately 1,680,000,000 m3 (1.7 billion m3

) . _Additional liquid wastes 
(245,000 m3 and 208,700,000 Ci) are stored in the high-level waste tanks 
located in the 200 Areas. As with the solid wastes stored in the ground, more 
than 99% of the liquid effluent radionuclide inventory was discharged to the 
ground in the 200 Areas . 

·TA6LE 4.2. Total Radionuclide Inventories (Rischarged to the Ground 
at the Hanford Site as of 1989 a 

Radionuclide Inventor~ (Ci} Areas Stored 
Tritium 423,300 100, 200 
Strontium-90 40,500 100, 200 
Cesium-137 195,000 100, 200 
Technetium-99 960 200 
Carbon-14 220 100 
Uranium 200 200, 300 
Americium-241 3,800 200 
Plutonium 13,600 200 
Total (curies) 678,000 100, 200, 300 

(a) From a Presentation by Westinghouse Hanford 
Company, "Historical Perspective of Radio­
actively Contaminated liquid and Solid Wastes 
Discharged or Buried in the Ground at Hanford." 
Available in the Public Reading Room, Federal 
Building, Richland, Washington. 
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4.5 TESTS FOR GROUND DISPOSAL OF WASTES 

Tests were conducted before waste discharge facilities were operated at 
the Hanford Site. Parker (1954) reported on laboratory studies to determine 
the capacity of Hanford Site soils to retain or sorb radionuclides contained 
in the liquid waste streams discharged to the ground. Laboratory analyses 
were also performed to determine the behavior of long-lived radionuclides in 
the soil. The testing was conducted for plutonium-239, as well as for 
ruthenium-lOG, cesium-137, strontium-90, yttrium-90, and other fission 
products. Experiments were either conducted in batch mode, where the waste 
stream and soil were allowed to reach equilibrium, or in columns where the 
process waste streams were passed through fixed volumes of soil. The experi­
ments demonstrated that sorption or retention of radionuclides in Hanford Site 
soils depended on the initial radionuclide concentrations in the waste stream; 
acidity (pH) of the waste stream and soils; and the chemical characteristics 
of each radionuclide, namely whether the radionuclide is present as an anion 
or cation. 

The different liquid wastes discharged to the ground at the Hanford Site 
had widely varying inventories and pH conditions (Parker 1954). The chemical 
form of the radionuclide influenced its behavior in the subsurface; cationic 
·forms of radionuclides are more easily retained by soils. Of the radio­
nuclides tested, plutonium-239 and cerium-144 were almost completely sorbed 
over a wide range of pH conditions. Cesium-137, strontium-90, and yttrium-90 
were sorbed to different degrees, depending on the waste stream chemistry. 
Ruthenium-lOG mixed with distilled water was sorbed under high pH conditions, 
but was mobile under acidic (low pH) conditions. Ruthenium-lOG in waste 
streams from Hanford operations was found to be highly mobile and not sorbed 
by sediments. Based on field observations (ground-water monitoring}, Parker 
(1954) noted that ~ranium forms complexes with other chemicals and is mobile. 
This observation was confirmed later near the 21G-U-l and U-2 cribs in the 
200-West Area where uranium was found to be complexed (combined) with car­
bonate and was highly mobile (Delegard et al. 198G). 

Other tests performed before ground disposal of wastes included a 4-month 
field test designed to determine the infiltration rate of reactor coolant 
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effluent disposed to the ground in an existing trench at the 100-D Area 
(Eliason and Hajek 1967). The field test included measurements of water 
elevations, temperature, and radionuclide concentrations in ground-water moni­
toring wells and river-bank springs near the crib. The study demonstrated 
that large volumes of reactor coolant effluent could be disposed to the ground 
near the river without raising the water table to the ground surface . Of the 
radionuclides investigated, phosphorous-32 and zinc-65 were retained by the 
sediments, resulting in large "decontamination factors" for effluent reaching 
the river. Iodine-131 and chromium-51 were relatively unaffected by sediments 
and moved without being retained by the sediments between the crib and the 
river. 

4.6 INFLUENCES ON RADIONUCLIDE MOVEMENT AT HANFORD 

The movement of radionuclides in the unconfined aquifer at the Hanford 
Site is influenced by the pattern of natural recharge; the locations and 
volumes of artificial recharge resulting from waste-water discharges, which 
have changed with time; the distribution of aquifer properties, primarily 
hydraulic conductivity, within the aquifer; the starting and ending locations 
for contaminant flow paths; the chemical composition of liquid effluents; and 
the geochemical behavior of contaminants in Hanford ground water (Freshley and 
Graham 1988). These factors influencing movement of contaminants in the 
unconfined aquifer are interrelated. While one or more of these factors can 
control the velocity of ground water or a contaminant at a specific location 
along a flow path, all may interact over the entire length of the particular 
flow path. 

4.6 .1 Natural Recharge 

The pattern of natural recharge to the unconfined aquifer at the Hanford 
Site affects contaminant movement by changing the elevation of the water 
table. Natural recharge to the unconfined aquifer occurs as surface runoff 
from Rattlesnake Mountain and Umtanum Ridge to the south and west of the Site 
(Newcomb, Strand, and Frank 1972}, upward leakage from the lower basalt aqui­
fers (Graham 1983}, and direct recharge from precipitation. 
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Newcomb, Strand, and Frank (1972) estimated that the surface runoff from 
uplands in and west of th~ Hanford Site is small. They observe that, for most 
years, flow in the upper Cold Creek and Dry Creek valleys is small and is 
measurable only during brief periods. The surface runoff in these highlands 
was thought to either evaporate or recharge the shallow aquifer in the val­
leys. Surface runoff that recharges the Cold Creek and Dry Creek valleys and 
the irrigation of wine grapes and orchards in the Cold Creek Valley enter the 
Hanford Site as ground-water flow. Although this amount of recharge has not 
been measured directly, it has been estimated with numerical models of ground­
water flow; specifically, Jacobsen and Freshley (1990) attempted to calibrate 
a two-dimensional model of ground-water flow in the unconfined aquifer at the 
Site. They estimate that the inflow boundary representing the Cold Creek 
Valley is contributing 311,000 ft3/day . 

An upward hydraulic gradient between the confined and unconfined aquifers 
exists over much of the Hanford Site. Thus, recharge may occur as upward 
leakage from the confined aquifers to the unconfined aquifer (Dove et al. 
1982). However, there is evidence-that the hydraulic gradients have been 
reversed and downward leakage has occurred around B Pond and Gable Mountain 
Pond near the 200-East Area as a result of increased hydraulic heads in the 
unconfined aquifer (Graham, Last, and Fecht 1984; Jensen 1987; Early, Hall, 
and Johnson 1988). 

Recharge from precipitation drives contaminants downward through the 
unsaturated zone. Recharge to the unsaturated zone from precipitation has 
been the subject of a number of investigations at the Hanford Site. Gee and 
Heller (1985) examined past studies of unsaturated water fl ow done primarily 
by Hanford contractors (Atlantic Richfield Hanford Company , Rockwell Hanford 
Operations, and PNL) to determine whether there was a consensus on the mech­
anism of recharge to the unconfined aquifer by precipitation and to quantify 
the amounts. 

Gee and Heller (1985) analyzed the results from deep (59 ft) lysimeter 
investigations in the 200 Areas and concluded .that recharge is occurring and 
water is draining at the lysimeter site, although the drainage is slow. They 
calculated possible downward recharge rates of 0.1 to 1 in ./yr. At the same 
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site as the lysimeter in the 200 Areas, an uncased well (drilled to 309 ft) 
was used to determine recharge. Gee and Heller (1985) calculated a range of 
possible recharge at this well of 0.01 to 2 in./yr, based on estimates of 
hydraulic conductivities. The stated precision of the neutron-probe meas­
urements for water content was ±1% volume; resolution of the calculated 
recharge rate was ±1 in./yr. 

Gee and Heller (1985) also attempted to estimate recharge in the unsatu­
rated zone based on the movement of tritium from atmospheric fallout of off­
site atomic weapons testing. Results from sampling unsaturated sediments near 
the 200-East Area during 1969 demonstrated that tritium attributable to off­
site atomic weapons testing was found to depths of 16 ft. The investigators 
interpret these data as corresponding to th~ depth of maximum penetration of 
recharge since the early 1950s when thermo-nuclear devices were first tested 
with direct release of tritium to the atmosphere. Gee and Heller (1985) sug­
gested that these data could also be consistent with steady-state recharge 
(calculated to be 0.8 in~/yr) for a period of 20 years. 

Results from shallow lysimeter studies near the 300-Area between 1974 and 
1984 have shown that precipitation is infiltrating below the root zone of 
vegetation established on top of the lysimeters (Gee and Heller 1985). 
Recharge has been estimated to range from 1.2 to 3 in./yr in a grass-covered 
site and has exceeded 2 in./yr at a bare soil site. A combination of coarse­
textured soils, shallow-rooted plants, and above-normal precipitation during 
the time period have been identified as causes for recharge rates that are 
high, compared with other study locations on the Hanford Site. 

Modeling studies at the Hanford Site have been helpful in estimating the 
effective recharge (Kirkham and Gee 1983). However, according to Gee and 
Heller (1985), recharge cannot be accurately predicted with numerical models 
because key parameters, such as soil hydraulic properties and actual evapo­
transpiration, have not been measured in sufficient detail. Results of model­
ing studies have shown that for the expected climate, topography, and soils at 
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the Hanford Site, recharge is in the range of 0 to 2.0 in./yr. Jacobson and 
Freshley (1990) included areal recharge in the calibration of a two­
dimensional model of ground-water flow in the unconfined aquifer. Their esti­
mate of the areal distribution of recharge from natural sources (precipitation 
and snow melt) is illustrated in Figure 4.7. 

Bierschenk (1957) identified sources of natural recharge to the uncon­
fined aquifer other than ground disposal of waste water and recharge by pre­
cipitation. Natural recharge to the aquifer also occurs by subsurface inflow 
from the west (Cold Creek and Dry Creek valleys). Other natural recharge 
occurs at the base of Rattlesnake Mountain from several creeks that flow 
intermittently following heavy rain or melting snow. In addition, Bierschenk 
(1957) identified a zone of ground water near the Columbia River that is 
recharged by bank storage from the river during periods of high river flow. 
During more recent studies of the 100-N Area, Jensen (1987) and Gilmore, 
Borghese, and Newcomer (1991) noted that fluctuation of the Columbia River had 
a significant impact on water levels in wel1s next to the river. 

4.6.2 Recharge from Liquid-Waste Disposal and Irrigation 

Artificial recharge to the unconfined aquifer occurs from large volumes 
of effluent discharged to the ground in and near the 200 Areas. The effluent 
originates from chemical processing facilities in the 200 Areas and consists 
primarily of cooling water and steam condensates, which were discharged to 
surface ponds, cribs, and ditches in the 200 Areas (Graham et al. 1981). The 
major disposal ponds associated with the 200-Area operations were U Pond, 
B Pond, and Gable Mountain Pond (Figure 1.1). The effluent discharged to 
these facilities has artificially recharged the unconfined aquifer and created 
ground-water mounds (elevated areas of the water table) beneath both the 
200-East and 200-West Areas (Graham et al. 1981). This artificial recharge is 
estimated to exceed by an order of magnitude the natural recharge entering the 
Hanford Site as ground-water -flow from the west (Graham et al. 1981). The 
flow direction, which was predominantly from west to east under pre-Hanford 
conditions (Newcomb, Strand, and Frank 1972), is now highly variable within 
the 200 Areas (Figure 4.1). 
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Bierschenk (1957) summarized impacts to water levels in the unconfined 
aquifer from waste disposal operations. From 1944, when operations began, to 
June 1957, approximately 3 billion gal of low-level radioactive waste water 
and 27 billion gal of relatively uncontaminated cooling water were discharged 
to the ground. As of 1989, the total amount of liquids discharged to the 
ground had increased to 444 billion gal.(al Changes in the water table were 
observed more than 15 mi away from the disposal areas; Bierschenk (1957) 
observed a net water-level increase in all wells on the Hanford Site from 1944 
to 1957. Bierschenk (1957) observed more than an 80-ft rise in the water 
table beneath the 200-West Area and approximately a 20-ft rise in the water 
table beneath the 200-East Area. 

The locations and volumes of effluent waste-water discharged to the 
ground at the Site have changed w~th time (Graham et al. 1981). As a result, 
water levels in wells at the Site also have changed. Figure 4.8 illustrates 
the water-level history for a well near B Pond that responded to changing 
discharges to the pond. The water-table changes for the period from 1944 to 
1973 are documented by Kipp and Mudd (1974). Zimmerman et al. (1986) docu­
mented the historical changes of the water table between 1950 and 1980. 
Zimmerman et al. (1986) found that the water-table changes migrated outward 
from the sources in the 200 Areas with time, reaching the Columbia River in 
the southeastern portion of the.Hanford Site during the period 1965 to 1970. 
These water-table changes imply that the flow paths contaminants followed from 
sources in the 200 Areas also changed with time. Water-table changes from 
1980 -to 1990, which show declining water levels in response to decreased dis­
charges, were documented by Newcomer (1990). 

Several facilities and projects off the Hanford Site have affected ground 
water at the Site. Brown (1966) discussed impacts to unconfined and confined 
aquifers resulting from irrigation in the Columbia Basin Irrigation Project 

(a) From a presentation by Westinghouse Hanford Company, "Historical 
Perspective of Rad1oactively Contaminated Liquid and Solid Wastes 
Discharged or Buried in the ground at Hanford." Available in the Public 
Reading Room, Federal Building, Richland, Washington. 
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FIGURE 4.8. Water-Level History (Hydrograph) for Well 699-45-42 
(Freshley and Graham 1988) 

beginning in 1950, from Hanford operations , and from construction and opera­
tion of the Priest Rapids and Wanapum dams on the Columbia River upstream of 
the Hanford Site. The net effect from construction and operation of these 
facilities was to raise water levels in the unconfined aquifers in the 
Columbia Basin. 

Hydraulic heads in the uppermost confined aquifers beneath the Hanford 
Site also increased in response to the irrigation and waste-water discharges. 
On the north side of the Columbia River opposite the Hanford Site {Wahluke 
Slope) , water levels in the unconfined aquifer rose in response to the 
Columbia Basin Irrigation Project operations to the east and in response to 
the Priest Rapids Dam to the west . Figure 4.9 from Brown (1966) illustrates 
that, in the uppermost confined aquifer, the hydraulic gradients and resulting 
ground-water flow directions are radially inward toward the Hanford Site from 
irrigation to the east and Priest Rapids Dam to the west, then are in a south­
east direction toward Wallula Gap in response to impacts from Hanford opera­
tions and recharge from Rattlesnake Mountain . 
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in 1966 (after Brown 1966) 
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More recent measurements of water levels in the unconfined aquifer on the 
Franklin County side of the Columbia River show a steep hydraulic gradient 
toward the river (Figure 4.10). The hydraulic gradient is also toward the 
river on the Benton County (Hanford) side. Thus ground water in the uncon­
fined aquifer on both sides discharges to the river. 
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FIGURE 4.10. Water-Level Distributions for the Unconfined Aquifer in Benton 
and Franklin Counties During 1989 (Bryce et al. 1991) 
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4.6.3 Distribution of Aquifer Properties 

The distributions of aquifer properties, primarily hydraulic conductivity 
and aquifer thickness, influence ground-water flow and contaminant movement in 
the unconfined aquifer. The unconfined aquifer is located within the Ringold 
Formation, which consists of sediments ranging in size from clay to gravel, 
and the Hanford formation, which consists of glaciofluvial sands and gravels 
overlying the Ringold Formation (Figure 4.11). The hydraulic conductivity, 
which describes the ability of the aquifer to transmit water, is more than an 
order of magnitude higher for the· Hanford sediments than for the Ringold 
Formation (Graham et al. 1981). 
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The distributions of hydraulic conductivity and transmissivity (which is 
hydraulic conductivity multiplied by aquifer thickness) varies across the 
Hanford Site. Hydraulic characteristics of the unconfined aquifer have been 
determined by aquifer tests. These tests are generally conducted by pumping 
ground water from the aquifer and observing the response in other nearby 
wells. Bierschenk (1957 and 1959b) and Kipp and Mudd (1974) summarized the 
results of aquifer tests conducted at the Site. The distribution of hydraulic 
conductivity in the unconfined aquifer was first estimated from P.Oint measure­
ments (aquifer tests) by calibrating a two-dimensional model of ground­
waterflow (Cearlock, Kipp, and Friedrichs 1975). This distribution was 
modified with a more recent calibration of a different two-dimensional model 
of the aquifer by Jacobson and Freshley (1990). Jacobson and Freshley (1990) 
applied an inverse calibration method to estimate the distribution of trans­
missivity in the unconfined aquifer. The results of the inverse calibration 
are illustrated in Figure 4.12. 

The difference in aquifer properties between the Hanford and the Ringold 
formations is reflected in the ground-water mounds(circular pattern near the 
200-East Area and "bowed" contour in the 200-West Area in Figure 4.1) beneath 
the 200-East and 200-West Areas (Graham et al. 1981). By 1979, the water 
table beneath U Pond had risen more than 85 ft as a result of waste-water dis­
posal operations in the 200-West Area, which began in 1944. At the same time, 
the mound beneath B Pond near the 200-East Area had risen only 30 ft. 
Although receiving about the same total volume of waste water, the 8-Pond 
mound is less than one half the height of the U Pond mound. The heights of 
the two mounds differ because of the relative distribution of the Ringold and 
Hanford formations. In the 200-West Area, the unconfined aquifer is mainly in 
the Ringold Formation, but between the 200-East Area and the Columbia River, 
its upper part is in the Hanford formation. 

The aquifer thickness and distribution of various units that compose the 
unconfined aquifer have a strong influence on contaminant movement at the 
Site. For example, the tritium plume originating in the 200-West Area has 
moved less than 4 mi from i.ts sources, while the tritium plume originating in 
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the 200-East Area has moved more than 16 mi from its sources and is discharg­
ing to the Columbia River (Jaquish and Bryce 1990). This difference in extent 
of the two contaminant plumes is the result of differences in the distribu­
tions of the Ringold and Hanford formations. 

4.6.4 Flow Path Variation 

The large volumes of waste water discharged to the ground interact with 
aquifer properties and the natural ground-water flow system to influence flow 
paths in the unconfined aquifer. Because the patterns of liquid-waste dis­
charges have changed over time and because the water table changed gradually 
in response to the discharges, the flow paths for ground water and contami­
nants have varied with time. Flow from the southea~tern portion of the 
200-East Area originally followed an easterly path and entered the Columbia 
River at the Hanford townsite. Because of changes in the pattern of the water 
table, mainly resulting from increased discharge to B Pond, those flow paths 
now follow a more southerly pattern and discharge to the river south of the 
Supply System (Freshley and Graham 1988). However, tritium in the gr~und 
water is discharging to the river from between the Hanford townsite and the 
Supply System. The highest tritium concentrations are entering the river near 
the Hanford townsite (Jaquish and Bryce 1990). 

The flow paths that ground water and radionuclides from the 200 Areas 
will follow depends on where, with respect to the ground-water mounds beneath 
the 200-East and 200-West Areas (Figure 4.1), the water or radionuclides enter 
the unconfined aquifer. For example, the ground-water mound beneath B Pond 
has created a ground-water divide within the 200-East Area. This divide sepa­
rates flow directions from the 200-East Area to the north or south. Effluent 
discharged to the aquifer to the north of this ground-water divide will follow 
a flow path north through the gap between Gable Mountain and Gable Butte. 
Effluent discharged to the aquifer ~outh of the ground-water divide will fol­
low the southeasterly flow path previously described. 

4.6.5 Geochemical Properties 

The geochemical behavior of radionuclides also influences their movement 
in ground water at the Hanford Site. Tritium, which is present in high-volume 
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liquid effluent, has a widespread distribution in the unconfined aquifer 
because it is not sorbed by the sediments composing the aquifer (Jaquish and 
Bryce 1990). Radionuclides such as strontium-90, cesium-137, and plutonium-
239,240 are attenuated or retained by sediments in the unsaturated zone 
through adsorption, chemical precipitation, and ion exchange (Routson 1973; 
Ames and Rai 1978). In addition, radionuclides such as strontium-90, cesium-
137, and plutonium-239,240 were concentrated in small-volume liquid effluent 
waste streams and typically do not have a widespread distribution at the Site, 
compared with the distribution of tritium. 
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5.0 GROUND-WATER MONITORING ON AND OFF THE HANFORD SITE 

Ground water at the Hanford Site has been monitored extensively for 
radionuclides since operations began in 1944 (Brown and Raymond 1962a). 
Ground water off the Hanford Site has also been monitored periodically to 
determine whether radionuclides have moved offsite . 

5.1 SCOPE OF MONITORING PROGRAM 

Most of the early ground-water monitoring data were collected from farm 
wells that existed before the Hanford Site and several drilled test wells 
(Parker and Gamertsfelder 1945a). Gradually, the number of test wells that 
were sampled increased and evolved into the current monitoring program. 

Haney (1961a) described the scope of the monitoring function performed 
by staff in the Chemical Effluents Technology Operation of the General Elec­
tric Company. The scope of the program was to monitor and investigate the 
impacts of waste disposal, from both past and future operations at the Hanford 
Site. Field investigations were conducted to determine the impacts from past 
operations, and laboratory investigations were conducted to predict future 
behavior of contaminants that were introduced into the environment by waste­
disposal operations. The intent was to provide assistance and guidance to the 
operators of the reactors and reprocessing plants . 

In addition to providing information to operators of Hanford Site facili­
ties, monitoring activities evolved to determine the distribution of mobile 
radionuclides and nitrate from the 200-Area waste disposal sites and to relate 
the distributions of these constituents to Site operations (Jaquish and Bryce 
1990). The unconfined aquifer at the Hanford Site was monitored much more 
extensively than the confined aquifers because it was affected more by Site 
operations and because it had the greatest potential for causing human expo­
sures by use of wells or by ground-water discharge to the river. However, the 
confined aquifers were also monitored because they represent potential path­
ways for offsite migration of radionuclides. 
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5.2 DESCRIPTION OF MONITORING TECHNOLOGY 

The technologies for ground-water monitoring evolved with operation of 
the Hanford Site. These technologies included monitoring wells, sample col­
lection and analysis, and other measurement devices such as flow meters. 

5.2.1 Monitoring Wells 

Monitoring wells were the primary means of collecting ground water sam­
ples; very few (less than 130) springs exist on the Hanford Site, most of them 
on Rattlesnake Mountain (Schwab, Colpitts, and Schwab 1979) and along the 
shoreline of the Columbia River (McCormack and Carlile 1985). More than 
200 wells existed before the Hanford Site was established. Most were hand-dug 
farm wells (McGhan 1989). Including the pre-Hanford wells , over 3500 wells 
have been constructed at the Hanford .Site. Some have been destroyed , and as 
of January 1989, over 2900 wells existed at the Hanford Site (McGhan 1989) . 
Approximately 19~0 of these were drilled to ground water in the unconfined and 
confined aquifer. The remaining wells were used to monitor waste-disposal 
facilities in the unsaturated zone and were not drilled to the ground water. 

Brown and Raymond (1962a, 1962b) provided general descriptions of the 
monitoring methods and concepts of ground-water flow that provided the basis 
for the monitoring program for the unconfined aquifer during the first 
16 years of Hanford Site operations. Brown and Raymond (1962a) stated that 
some of the monitoring wells were drilled to the basalt bedrock, others to the 
first semi-impervious layer below the water table (general ly a "blue clay" 
member of the Ringold Formation), and other~ to only a few tens of feet below 
the water table . Most of the wells are 6 or 8 in. in diameter, with some 
10-in. and larger diameter wells (McGhan, Mitchell, and Argo, 1985). Because 
the unconsolidated sediments the wells penetrated were unable to remain intact 
without support, most of the wells were constructed with carbon-steel ~asing 

(Raymond 1958) . The casing was punctured with a mills knife perforator; 
generally, four or five perforations around the entire diameter of the casing 
and one round of perforations per foot were used. As the well casings and 
perforations became encrusted, remedial work on the wells was performed with a 
shaped charge system (barrel with steel-piercing bullets) because it was 
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faster and less labor-intensive than the original mills knife method. Some of 
the wells were constructed with piezometers, which were smaller diameter tubes 
sealed at different depths bel~w the water table (Essig 1971). 

Wells constructed in the unconfined aquifer before the mid-1970s were 
perforated over the entire depth of the well, although the possibility that 
contamination might stratify within the aquifer was recognized. Brown (1957c) 
describes an investigation to determine the effects of geologic layering and 
density of waste discharged to the ground on the vertical distribution of 
radionuclides in the ground water. A •delayed-action depth sampling device," 
designed to collect undisturbed water samples from different depths was used. 
The results of the investigation demonstrated that the contamination was 
stratified, with the highest concentrations near the bottom of the well. 

Haney (1960d) described a second effort to determine the vertical 
variation of radionuclide concentrations within open wells in the unconfined 
aquifer. The results of this investigation, near the 216-BY cribs, demon­
strated that most of the wells showed higher concentrations near the bottom of 
the well than near the top. However, a later investigation by Eddy, Myers, 
and Raymond (1978) demonstrated that maximum concentrations of radionuclides 
are near the top of the aquifer. Brown's (1957c) and Haney's (1960c) earlier 
observations of high contaminant concentrations at the bottom of wells 
probably resulted from differences in contaminant density within open well 
casings. 

The locations, construction, and status of wells are summarized in 
reports that are periodically updated. Brown and Ibatuan (1958) summarized 
data on exploratory and monitoring wells constructed on the Hanford Site as of 
1958. This document was updated by McGhan, Mitchell, and Argo (1985) and 
later by McGhan (1989) in summaries of "Hanford Wells." 

In January 1974, a plan was generated to upgrade the existing ground­
water monitoring program on the Hanford Site (McGhan 1978). The program 
upgrade included lowering specially designed television cameras into the wells 
to inspect conditions, performing step-drawdown tests to evaluate aquifer 
response in the well, cleaning out all sampling wells, perforating well cas­
ings to eliminate stagnant water columns in wells, reducing long water columns 
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in some wells with plugs to sample the upper portion of the unconfined aqui­
fer, and installing well screens and submersible sample pumps where needed. 

Cleanout of the wells consisted of removing silt and sand from the bot­
tom of the casing and brushing rust and scale from the side of the casing. 
Steel casing walls were punctured with a mills knife where perforations were 
limited or nonexistent. Some wells were shortened or plugged by installing 
wooden plugs (approximately 18 in. long), which were left to swell overnight 
and bridge the casing. Cement grout was then placed on top of the wooden plug 
to provide a permanent seal. The lengths of wells were reduced because the 
study by Eddy, Myers, and Raymond (1978) demonstrated that most of the contami­
nation was found in the upper portion of the aquifer. 

Between April 1974 and December 1977, extensive remedial work (as 
described above) was done on a total of 222 wells then in use for monitoring 
the unconfined aquifer. The results of the well remediation program are summa­
rized in Table 5.1 (McGhan 1978). The changes indicated in the table refer to 
differences in measured concentrations of radionu~lides measured in samples 
from the wells. Well remediation work has been included as part of Site-wide 
ground-water monitoring activities since 1977. 

5.2.2 Sample Collection 

Samples were collected at varying frequencies throughout the history of 
Hanford operations. Parker (1945) stated that water samples were collected 
from every available well at the Hanford Site during 1945 and analyzed for 

TABLE 5.1. Effects of Well Remediation from 1974 to 1977 (after McGhan 1978) 

Effect on Action Taken 
Measured No. of Pump 

Concentration Wells Plugged Perforat~d Developed Installed 
Definite Change ·s9 21 24 50 43 

No Change 91 40 21 81 78 
Insufficient Data 72 17 17 62 38 
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radionuclides. In the monthly report for M~rch, Parker (1945) stated that 
64 wells were sampled and analyzed weekly, and 15 wells were sampled monthly 
during 1945 . 

Haney (1960a) indicated that the monitoring well sampl{ng and analysis 
program was revised and a new sampling schedule put into effect in 
November 1959. The primary change was less frequent sampling of wells that 
were not in zones of existing contamination. Wells in contamination zones 
were also sampled less frequently, but the number of wells sampled and 
analyzed for specific radionuclides was increased. While the changes were 
made to reduce sampling and analysis costs , they were designed to maintain the 
integrity of the monitoring program. 

Samples were collected by different methods . According to Brown and 
Raymond (1962a) , most ground-water samples were collected at or just below the 
water table by lowering an unstoppered glass bottle in a stainless steel cage 
into the water. The samples were collected at or just below the water table 
because, as noted , when radiological contamination appeared in a well, the . 
highest concentrations were generally observed near the water table. The 
sampl i ng method was considered to be relatively fast and to eliminate the 
problem of possible cross contamination from ground water at greater depths. 
Piezometers were sampled with a smaller diameter collection device or by 
airlifting, where compressed air was injected into the tube near the bottom, 
forcing water out the top . 

Special sampling equipment was developed at the Hanford Site to obtain 
water samples at depths below the water table. A depth sampler was developed 
specifically to collect stratified samples (Brown and Raymond 1962a). The 
depth sampler consisted of an evacuated (pressure less than atmospheric) glass 
bottle fitted with a solenoid valve attached to a length of conduit. The 
device was lowered into the ground water to a predetermined depth until water 
inside the well casing, perturbed by intrusion of the sampling device, 
reestablished equilibrium with water in the aquifer. An electrical current 
then opened the solenoid valve, allowing the water to enter the bottle. The 
valve was then closed and the sample raised to the surface . 
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Currently, ground-water samples are collected according to documented 
sampling procedures (Jaquish and Bryce 1990). Most wells are fitted with 
submersible pumps and are sampled after sufficient time to allow temperature, 
pH, and specific conductance to equilibrate. These parameters are easily 
measured physical and chemical characteristics of the water. This procedure 
is used to eliminate stagnant water in the wells and ensure that a sample 
representative of ground water near the well is collected . 

The number of ground-water monitoring wells sampled at the Hanford Site 
continues to change with time in response to changing regulatory requirements 
(RCRA, CERCLA), to the needs of the environmental surveillance program at the 
Site, and to movement of contamination in the ground water. Figure 5.1 illus ­
trates the distribution of ground-water monitoring wells during 1989; this 
illustration is from Jaquish and Bryce (1990) , the most recent published 
environmental monitoring report. 

5.2.3 Sample Analysis 

Healy and Gamertsfelder (1945) described in some detail the sample 
analysis procedure used in early monitoring activities. A 500-ml sample of 
water was evaporated and subjected to spectrographic analysis. Samples were 
also run through resins to collect radionuclides for analysis. The samples 
were measured for radioactivity over several days to detect changes in beta 
and gamma activities and to determine half-lives so that the radionuclides 
could be identified. 

In 1945, the analysis procedure was to evaporate a 100-ml sample and 
count the ·radioactivity for 5 minutes (Parker 1945). This procedure allowed 
detection of concentrations as low as 3x10-4 ~Ci/L (300 pCi/ L) for identified 
gross beta emitters. 

DuPont (1945) also described methods and equipment used to collect and 
analyze water samples and other environmental samples during early operations 
of the Hanford Site. The original equipment for measuring radioactivity in 
water samples was determined to be unsatisfactory in 1945, and a considerable 
effort was initiated to improve it. As a result of research and development 
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a method was developed for measuring gross beta activity by placing a small 
dish of exposed liquid below a mica window Gieger-Mueller tube. 

DuPont (1945) noted that cross contamination between measurement of 
different samples was a persistent problem that was solved with only moderate 
success. The problems with early water sample collection and analysis methods 
resulted in sporadic measurement results during the 1940s and early 1950s. 
However, the monitoring results described in Section 6 are still useful. 

The method of analyzing ground-water samples changed between October and 
December of 1945. Instead of evaporating a 100-ml (0.1-L) sample, analysts 
evaporated a 500-ml (0.5-L) sample directly into a beaker and used acid washes 
to transfer the residue to a counting glass. This change in methods led to 
greater sensitivity (lower detection limit) in the measurements. Samples were 
collected from effluent discharges to monitor contaminants discharged to the 
ground, from drinking-water supplies, and from wells intended to monitor the 
unconfined aquifer in general. By 1950, the detection limit for gross beta 
concentrations (Paas and Singlevich 1950d) was lowered to 1.0x10-8 ~Ci/ml 

(10 pCi/L). Paas (1951b) referenced a •standard Procedures Manual of the 
Control Functions Analytical Group• containing descriptions of procedures for 
analyzing sampled. 

Bierschenk (1959e) indicated that when gross beta activities in a well 
water sample exceeded 1x10-4 ~Ci/ml (100,000 pCi/L), the sample was analyzed 
for cobalt-60, strontium-90, and cesium-137. The analytical detection limits 
for these isotopes were 4x10-7, 7x10~, and 5x10-7 ~Ci/ml, (400, 70, and 
500 pCi/L), respectively. 

Haney (1959) listed analytical detection limits for different radio­
nuclides and gross beta and gross alpha (see Table 5.2). The analytical 
detection limits for the specific radionuclides in Table 5.2 are all larger 
than the current drinking-water standards listed in Appendix C. No exp~ana­
tion was provided for the different detection limits for cobalt-60 reported by 
Bierschenk (1959e) and Haney (1959). The analytical detection limit for gross 
beta concentrations was lowered from 1.5x10-7 to 8x10-8 ~Ci/ml (150 to 
80 pCi/L), effective September 22, 1959 (Haney 1959). 
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TABLE 5.2. Analytical Detection Limits for Radionuclides as of 
September 22, 1959 (Haney 1959) 

Detection Limit in Sample Volume 
RadionuclideLAnal~sis 14CiLml {gCiLLl in ml {L} 

Strontium-90 7x1o-8 (70) 300 (0.3) 
Cesium-137 5x1o-7 (500) 50 (0.05) 
Plutonium 1x10-7 (100) 10 (0.01) 
Cobalt-60 6x10-7 (600) 100 (0.1) 
Uranium 6x1o-9 (6) 
Gross Beta 8x10-8 (80) 100 (0.1) 
Gross Beta 8x10-7 (800) 10 (0.01) 
Gross Beta 8x10-6 (8000) 1 (0.001) 
Gross Alpha 7x10-9 (7) 100 (0.1) 

Brown and Raymond (1962b) reported that, as of 1962, the water samples 
were analyzed with various analytical techniques. Gross-beta activity was 
determined by evaporating 100 ml (0.1 L) of the sample to dryness on a small 
stainless-steel planchet and counting the beta particles with a mylar end­
window, gas-flow, proportional counter. Medium to high concentrations of 
gamma-emitting isotopes such as cesium-137 and cobalt-60 were determined 
directly by gamma scintillation spectrometry using a 9-in. sodium iodide 
crystal with a 3-in. well for a 500-ml (0.5-L) sample. For low concentrations 
of gamma-emitters, the samples were concentrated and chemically separated. 
All samples were analyzed routinely for gross-beta emitters; in addition, many 
samples were analyzed for uranium, cobalt-60, strontium-90, cesium-137, 
tritium, and ruthenium-106. 

The routine detection limits for these radionuclides, along with 
required sample volumes, are listed in Table 5.3. The detection limits for 
radionuclides in Table 5.3 are higher than the current drinking water 
standards (see Appendix C), except for tritium and ruthenium-106. In their 
report, Brown and Raymond (1962b) stated that the detection limits could be 
lowered, if necessary, by applying other, more expensive analytical methods. 
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TABLE 5.3. Routine Analytical Detection Limits for Radionuclides in 19G2 
(Brown and Raymond 19G2b) 

Radionuclide/Analvsis 
Gross Beta 
Uranium 
Cobalt-GO 
Strontium-90 
Cesium-137 
Tritium 
Ruthenium-lOG 

Sample Volume 
in ml {L) 

100 (0.1) 
0.1 (lxl0-4

) 

100 (0.1) 
375 (0.4) 

50 (0.05) 
1 (0.001) 

100 (0.1) 

Detection Limit in 
uCi/ml {pCi/L} 
8xl0-8 (80) 
Gxlo-9 (G) 
2xlo-6 (2000) 
Gxl0-8 (GO) 
Sxlo-7 (500) 
lxlo-5 (10,000) 
2xl0-7 (20) 

Myers, Fix, and Raymond (1977) described a program for quality control 
measures that was initiated in 1974. The purpose of the program was to ensure 
that the results of sample analyses were representative of the ground-water 
system beneath the Hanford Site. In addition to the well maintenance program 
previously described, PNL began sending blind and duplicate samples to an 
analytical laboratory for quality control. 

In the annual monitoring report for 197G, Myers, Fix, and Raymond (1977) 
included a table of analytical detection limits. The analytical detection 
limits and concentration guides for radionuclides are summarized in Table 5.4. 
The concentration guides were specified by the Energy Research and Development 
Administration (ERDA) for protection of drinking water. However, on the 
Hanford Site, the concentration guides were applied to ground-water contami­
nation to evaluate the potential significance of the contamination, although 
ground water was used to supply drinking water for workers at only a few 
locations on the Site. The detection limits for radionuclides in 197G (see 
Table 5.4) are less than the current drinking water standards listed in 
Appendix C. 

Current methods for sample analysis are listed in Appendix D of Jaquish 
and Bryce (1990). The detection limits for ·radionuclides monitored during 
1989 (listed in Table 5.5) are all less than the current drinking-water stan­
dards listed in Appendix C. 
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TABLE 5.4. Analytical Detection Limits and Concentration Guides for 
Radionuclides Monitored in Ground Water at the Hanford 
Site During 197G (after Myers, Fix, and Raymond 1977) 

Detection Limit Concentration Guide 
Radionuclide in uCiLml {RCiLLl in uCiLml {RCiLLl 

Gross Beta 0.08 (80) NA 
(as Ruthenium-lOG) 
Gross Alpha 0.017 ( 17) NA 
(as Plutonium-239) 
Tritium 1 (1,000) 3,000 (3,000,000) 
Cobalt-GO 0.02 (20) 30 (30,000) 
Strontium-90 0.03 (30) 0.3 (300) 
Ruthenium-lOG O.OG . (GO) 10 (10,000) 
Antimony-125 O.OG (GO) 100 (100,000) 
Iodine-129 lxlo-8 ( lxl0-5) O.OG (GO) 
Iodine-131 0.01 (10) 20 (20,000) 
Cesium-137 0.02 (20) 20 (20,000) 

NA • Not applicable . 

TABLE 5.5. Analytical Detection Limits for Radionuclides 
Monitored in Ground Water at the Hanford Site 
During 1989 (Jaquish and Bryce 1990) 

Radionuclide 
Gross Beta 
(as Ruthenium-lOG) 
Gross Alpha 
(as Plutonium-239) 
Tritium 
Strontium-90 
lodine-129 
Plutonium-239,240 
Uranium {natural) 
Technetium-99 
Nickel-G3 
Carbon-14 
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lG 

4 

300 
O.G 
Ixl0-6 

0.10 
0.5 

15 
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5.2.4 Other Measurement Devices 

Other measurement devices and methods were used to collect and analyze 
additional monitoring data. Raymond (1960) summarized field equipment and 
methods used to characterize ground water at the Hanford Site. Methods and 
equipment for aquifer tests, recorders for continuous water-level measure­
ments, ground-water velocity measuring equipment, and tracer tests are 
described. 

As wells were constructed, tests were performed to determine the 
hydraulic characteristics of the aquifer. The test was done by pumping the 
well and observing the response in both the pumped well and ~ther nearby 
wells. Bierschenk (1959b) and Kipp and Mudd (1974) summarized the methods 
used and the results of aquifer tests conducted at the Hanford Site from 1944 
to 1973. Stevens recorders were used to collect information on continuous 
water-level variations in some wells (Raymond 1960). This type of information 
was most important in wells near the Columbia River and near effluent disposal 
facilities such as the 100-N Area (Eliason 1967a). 

The movement of radioactive wastes through the unsaturated zone in the 
200 Areas was monitored with gamma logging equipment. Gamma logging was a 
predecessor to the borehole geophysical equipment currently used at the Site 
and consisted of a well probe , wire line with a surface winch, and recording 
equipment. The probe was cylindrical and consisted of a sodium-iodide crystal 
and associated electronics. The output from the probe was transmitted to a 
linear amplifier and then to an analyzer for recording data. The readings 
from the probe were recorded by a count rate meter and recorder. The 
sensitivity of the instrument was given as 5x10-6 ~Ci/ml (5000 pCi/ L). 

Based on gross gamma well logs made with wireline geophysical logging 
tools, Raymond and McGhan (1964) provided a qualitative evaluation of 
radioactive contamination beneath waste sites. The method was used to esti­
mate the magn~tude and extent of contamination in the ground beneath the waste 
sites. Wells were logged periodically to obtain an indication of the rate of 
downward contaminant movement. During a 5-year period ending in 1964, well 
logging showed that the wastes spread laterally and gamma emitters moved 
downward in the unsaturated zone at a rate of 1 to 2 ft/ yr. 
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A vertical flow meter was developed for measuring vertical flow between 
different zones in wells (McCormack 1961). The flow meter was lowered into a 
well and sealed with packers (inflatable bladders) against the inside of the 
well casing. Vertical flow within the well, if any, was channeled through an 
orifice in the meter. A signal transmitted to the ground surface provided 
measurements of vertical flow with a sensitivity of about +/- 30 ml/min. Mea­
surements with the vertical flow meter were used to assist with interpretation 
of ground-water monitoring data. 

Raymond (1955) described an electrical conductivity method for esti­
mating the in situ velocity in a well. The method was based on dilution 
and/or displacement of an electrolyte. Electrical current flow between two 
electrodes in a well was correlated with displacement of the electrolyte by 
fresh water entering the well and was related to ground-water velocity through 
an equation. Because effective porosity was not well characterized at that 
time, the velocity estimates were relative, rather than absolute. 

The temperature of the ground water in the unconfined aquifer at the 
Hanford Site was also measured routinely (Brown and Raymond 1962b). Tempera­
ture measurement equipment consisted of a thermistor sensor, electrical wire 
line, measuring circuitry, and recorder. The instrument was lowered into the 
ground water in the unconfined aquifer. The temperature range that could be 
measured was about 10°C to 80°C. Day-to-day accuracy of the instrument was 
+/- 0.2°C and the instrument sensitivity was 0.1°C. The average temperature 
of natural ground water in the unconfined aquifer is about 17°C while most of 
the cooling water and steam condensate discharged to surface ponds and cribs 
ranged from 50°C to 100°C. The temperatures in individual wells were plotted 
on maps and contour lines drawn. An example from measurements in 1962 (Brown 
1962b) is provided in Figure 5.2. The spread in temperature made thermal 
mapping a good method for determining the extent of impacts from ground 
disposal of wastes. The ground-water temperature did not vary much from year 
to year, so temperature measurements were discontinued in 1978. 

5.2.5 Interpretation of Results and Supporting Studies 

Monitoring results were interpreted by first studying the analytical 
results for the water samples to determine which wells had contamination above 
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the radionuclide detection limits (Brown and Raymond 1962a). The results were 
checked for mathematical errors or possible cross contamination that could 
have occurred during the analyses. Brown and Raymond (1962a) did not specify 
how the checks were performed or _what criteria were used. If problems were 
identified, the sample was reanalyzed or the well was resampled. The monitor­
ing results were compared with the contamination history of the well to deter­
mine if the results were consistent with recent trends and to establish 
whether the radionuclide concentrations were increasing or decreasing. After 
the results for individual wells were checked, the information was plotted on 
maps and used to draw contours. 

Raymonq et al. (1976) reported a change in the format of the annual 
monitoring reports. Quarterly and semi-annual maps that had previously shown 
contaminant concentrations (tritium, total beta, and nitrates) in the uncon­
fined aquifer were now annual maps illustrating average annual concentrations . 
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The reporting format was changed because only minor changes in concentrat ions 
were typically observed each year after 1976, making annual reporting 
sufficient. 

Eddy, Prater, and Rieger (1983) reported on the results of several sup­
porting studies to the ground-water monitoring program. In the first of these 
studies, staff investigated the influence of variations in the level of the 
Columbia River on contaminant concentrations in the ground water . The results 
of this investigation indicated that concentrations in wells near the river 
were influenced by head changes in the ground water which were induced by 
river-level variations. The other special studies described in this report 
consisted of investigation of the bottom of the unconfined aquifer near the 
Hanford townsite where part of the tritium plume discharges to the river, 
survey of wells with geophysical logging equipment, and update of the numeri­
cal model of the unconfined aquifer based on the Variable Thickness Transient 
(VTT) ground-water flow code (Kipp et al . 1976) . 

Evans et al . (1988) continued document work associated with ground-water 
monitoring at the Hanford Site . Specifically, they describe geochemical 
model i ng with the computer code MINTEQ to identify chemical reactions that 
were affecting the concentrations of radionuclides and hazardous chemicals in 
the unconfined aquifer . In addition, Evans et al. (1988) described progress 
on the inverse modeling of the unconfined aquifer, later documented by 
Jacobson and Freshley (1990). 
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6.0 OFFSITE GROUND-WATER MIGRATION PATHWAY 

Transport of radionuclides through ground water flowing from the Hanford 
Site has been identified as a possible pathway through which offsite popula­
tions or individuals might have been exposed to radionuclides in the past (see 
Appendix A). Radionuclides were discharged directly to the ground in facili­
ties in the 100-, 200-, and 300-Areas (see Section 4.2) and moved downward 
toward the water table. Once the radionuclides reached ground water, they 
moved downgradient (with the water) in either the uppermost (unconfined) aqui­
fer or in deeper confined aquifers. The ground water and radionuclides either 
discharged to the river or possibly flowed under the river into Franklin 
County. The mechanisms for offsite migration are discussed in this section. 

Assessment of the offsite migration pathway is separated into 1) a 
detailed evaluation of monitoring data for ground water both on and off the 
Hanford Site (Section. 6.1); 2) a "bounding" estimate of the radionuclide dis­
charge to the Columbia River for comparison with the results of river monitor­
ing) (Section 6.2); 3) a summary of riverbank spring monitoring (Section 6.3); 
4) a brief evaluation of Columbia River monitoring because that is likely 
where radionuclides in the unconfined aquifer were discharged (Section 6.4); 
5) ground-water monitoring in Franklin County, and 6) an assessment of poten­
tial radiation doses for the different components of the offsite migration 
pathway (Section 6.4). 

The evaluation of ground-water monitoring data in Section 6.1 is 
detailed because this is the first published comprehensive summary of his­
torical monitoring results covering the more than 40 years of Site operations. 

A considerable amount of ground-water contamination has resulted from 
the discharges of radioactive wastes to the ground at the Hanford Site 
(Stenner et al. 1988) . This contamination has been monitored and reported in 
weekly, monthly, quarterly, and/or annual reports since Site operations began 
in 1944. The monitoring results indicate that many of the radionuclides are 
not mobile in Hanford ground water and have not moved very far from the 
source. 
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Radionuclide monitoring near the sources is conducted by the operating 
contractor at the Hanford Site; the most recent report, Serkowski and Jordan 
(1989), was published by the Westinghouse Hanford Company. Radiological moni­
toring for the entire Hanford Site was performed to protect drinking-water 
supplies and to determine the impacts of Site operations on the ground water. 
Table 6.1 relates radionuclides found in the ground water with Site operations 
and waste management practices (Jaquish and Bryce 1990). 

For the HEDR Project, the concern for the ground-water transport pathway 
is with radionuclides that are mobile. Therefore, the ground-water monitoring 
data were reviewed for data on radionuclides that are mobile in ground water 
at the Hanford Site. The monitoring results indicate that tritium, ruthenium­
lOG (reported as gross beta during early years), technetium-99, and iodine-129 
are mobile and have widespread distributions in ground water at the Site 
(Jaquish and Bryce 1990). In addition, these are the radionuclides for which 
the greatest amount of monitoring data are published . 

One issue that has been raised at the Hanford Site is concerned with . . 

travel time for contaminants to migrate from waste sites in the 200-East Area 
to the Columbia River, specifically when the tritium plume from the 200-East 
Area reached the river. Travel time is the time required for ground water or 

' 
specific concentrations of radionuclides to migrate from one location to 

TABLE 6.1. Major Radiological Contaminants in the Ground Water and Their Link 
to Site Operations (Jaquish and Bryce 1990) 

Area Facility Type Radionuclides 
100 Reactor Operations Tritium, Cobalt-60, Strontium-90 

200 Irradiated Fuel Processing Tritium, Ruthenium-106, Iodine-129, 
Cesium-137, Strontium-90, Technetium-99, 
Uranium, and Plutonium 

300 Fuel Fabrication Uranium and Technetium-99 
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another. The USGS (1987) summarized different interpretations of the ground­
water monitoring data by Hanford Site researchers as well as staff from an 
outside consulting firm, SEARCH Technical Services, Inc. The USGS estimated 
that the average travel time for tritium to migrate from the PUREX cribs in 
the 200-East Area to the Columbia River was slightly longer than 13 years. 
However, they determined that, because of uncertainties in interpreting some 
of the data, the travel time for tritium to reach the river actually ranged 
from 10 to 20 years. 

The travel time that is reported depends on the definition being used. 
The average travel time for contamination to reach a point in an aquifer such 
as a well is generally defined by arrival of half the maximum concentration in 
the well for a continuous source (USGS 1987; Freshley and Graham 1988). The 
maximum concentration of tritium in well 699-40-1, which is near the river at 
the Hanford townsite, is approximately 100,000 pCi/L (Figure 6.1) and half of 
the maximum concentration in this well is 50,000 pCi/L. Therefore, the time 
that the 30,000 pCi/L tritium concentration contour took .to arrive at well 
699-40-1 is slightly less than the average travel time for the tritium plume . 

1963 

• 

• 

• 
• 
• • ·a· 
·~ . 

1965 1967 1969 1971 1973 1975 19n 1979 1981 

Year 

1983 1985 

FIGURE 6.1. Concentration History for Tritium Measured in Well 699-40-1 
(from Price 1986) 
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A key assumption made by the USGS for their travel-time estimate was 
that most of the tritium was discharged to the aquifer at the PUREX cribs 
after 1963 (USGS 1987). However, PUREX operations began in 1956 and arrival 
of the tritium plume at the river in 1976 to 1979 gives an average travel time 
of 20 to 23 years (Freshley and Graham 1988). In addition, fuel separations 
operations from 1945 through 1952 at 8 Plant resulted in discharge of tritium 
to the unconfined aquifer. The travel time for some tritium to reach the 
river may be longer than 20 to 23 years. Freshley and Graham (1988) summarize 
other travel-time estimates that have been made for the Hanford Site. 

6.1 RADIONUCLIDE MOVEMENT ON AND OFF THE HANFORD SITE 

This section is a summary of information on offsite migration that is 
contained in the monitoring reports as well as in other Hanford Site docu­
ments. Detailed summaries of the monitoring data and descriptions of the 
distributions of radioacative contaminants in the unconfined and confined aqui­
fers at the Site are included in the monthly, quarterly, semiannual, and 
annual monitoring reports that were reviewed. This review was focused on 
determining how interpretations of the data changed with time and with changes 
in monitoring technologies. 

During review of the ground-water reports for the Hanford Site, a number 
of key "firsts" were identified. These and other significant activities are 
summarized in chronological order in Table 6.2. 

Radionuclide movement within and away from the 200 Areas is described in 
Section 6.1.1. Contaminant movement in the 100 Areas and 300 Area is 
described in Sections 6.1.2 and 6.1.3, respectively. 

6.1.1 Radionuclide Movement from the 200 Areas 

Discharge of processing wastes to the ground in the 200-East and 
200-West Areas has contributed to the widespread contamination plumes observed 
in the unconfined aquifer. Radionuclides commonly found in the ground water 
from waste discharges in the 200 Areas were tritium, technetium-99, 
ruthenium-106, iodine-129, cesium-137, strontium-90, cobalt-60, antimony-125, 
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TABLE 6.2. Chronology of "Firsts" for Ground-Water Monitoring at the 
Hanford Site 

Occurrence/Event 

Hanford Site Operations Began 
First Report of Ground-Water Monitoring Activities 

Development of Improved Gross Radioactivity 
Measurement Methods 
First Reference to Ground-Water Conta.ination (Gross 
Beta) Detected in a Well Sample 
First Know\ (Confirmed) Contamination of Ground Water 
(361-B Revers• Well in 200-East Area) 
First Discussion of Contaminated Ground-Water Movement 
First Detection of Ground-Water Contamination Outside 
the 200-East and 200-West Areas 
First Maps Showing Interpreted Extent of Known Ground­
Water Contamination (Based on Gross Beta Measurements) 
PUREX Operations Began<•> 
First Contour Map of Contamination (Gross Beta) 
Tritium Identified as a Byproduct of Uranium Fission 
in Offsite Publications 
First Arrival of Gross Beta Emitters at Well 699-24-23 
(Approxim.tely 4 Miles Southeast of the 200-East Area) 
First Suamary of Ground-Water Te.peratures 
Measured in the Unconfined Aquifer 
First Reported Monitoring Results for Tritium in the 
Unconfined Aquifer 
First Map Showing Distribution of Tritium Contamination 
in the Unconfined Aquifer 
First Interpreted Arrival of Tritium at the Columbia River 
PUREX Shut Down 
Monitoring Wells Remediated to Shorten Water Colum for Saqlling 
First Cooperative Sampling with the USGS 

USGS-Interpreted Arrival of Tritium at the Columbia River 
Tritium Plune (Defined by 30,000 pCi/l Tritium 
Concentration Contour) Reached the Columbia River 
PUREX Restarted 
First Arrival of Tritium fro. PUREX at Downgradient 
Monitoring Wells (Near Well 699-24-23) 

Year 

1944 
1945 

1945 

1945 

1947 

1956 
1956 

1956 

1956 
1958 
1959 

1961 

1962 

1962 

1962 

1962 
1972 
1974 
1975 

1976 
1977 

1983 

1985 

Reference 

PNL (1991a) 

Parker and Gamertsfelder 
(1945a> 
duPont (1945) 

Parker and Gamertsfelder 
(1945a) 
Earth Sciences Personnel 
(19568) 
Parker (1956) 
Earth Sciences Personnel 
( 1956a) 
Earth Sciences Personnel 
(1956a) 

Bierschenk (1959a) 
Haney, Brown, and 
Reisenauer (1962) 
Haney <1961b) 

Brown (1962b) 

Brown (1962a) 

Brown (1962b) 

Brown and Haney (1964) 
PNL (1987) 
McGhan (1978) 
Myers, Fix, and Raymond 
( 1977) 
USGS (1987) 
Myers (1978) 

PNL (1987) 
PNL (1987) 

(a) Fro. a Presentation by Westinghouse Hanford C~ny, "Historical Perspective of Radioactively 
Conta.inated liquid and Solid Wastes Discharged or Buried in the Ground at Hanford." Available in the 
Public Reading R00111, Federal Building, Richland, Washington. 

uranium, plutonium, thorium-234, and protactinium-234 (Jaquish and Bryce 
1990). The gross beta concentrations reported for over 30 years primarily 
reflect ruthenium-106 and cobalt-60 concentrations. Of the radionuclides 
listed, tritium, technetium-99, ruthenium-106, cobalt-60, and iodine-129 have 
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migrated outside the 200-Area boundaries. The occurrence and movement of 
gross beta, ruthenium-lOG, tritium, iodine-129, and other key radionuclides in 
ground water at the site are described in the following subsections of this 
report. 

Gross Alpha, Gross Beta, and Ruthenium-lOG 

Gross beta and gross alpha activities were reported early in the moni­
toring efforts at the Hanford Site because methods for determining the concen­
trations of specific radionuclides were either not developed or were too 
complex to be used for routine monitoring. In addition, during most of the 
early ground-water monitoring activities at the Site, ground-water contami­
nation either was not detected or concentrations were close to the detection 
limit and varied from week to week. 

Most of the early ground-water monitoring activities at the Hanford Site 
were conducted to detect radionuclides in drinking-water supplies. A few of 
the pre-Hanford _ farm wells and •test wells" constructed at the Site were moni­
tored for radionuclides. 

During 1945, sporadic concentrations of gross beta emitters were 
detected in wells at the Hanford Site (Parker and Gamertsfelder 1945a). The 
first report of ground-water monitoring activities at the Site was for the 
week ~nding February 23, 1945. The _report includes mention of results from a 
site survey reporting loss of liquids from the 241-T retention basin to a 
circular depression approximately 200 ft across. Measurable levels of radia­
tion (1.1 mrem/hr gamma) were reported. According to the report, no contami­
nation was found in the ground water; · such ·a statement indicates that 
ground-water samples had been collected and analyzed. 

The next discussion in Parker and Gamertsfelder (1945a) regarding 
ground-water monitoring activities was for the week ending April 6, 1945, 
where the site survey group reported that sampling of wells had been "placed 
on a more vigorous basis," although no specifics were provided for either the 
new or previous schedules. No ground-water contamination was reported during 
that week. 
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The report for the week ending April 20, 1945, separates survey results 
into 1) water and waste monitoring, 2) air monitoring, and 3) ground 
contamination. No radioactivity was reported in the well monitoring the 241-T 
contamination. The report includes a statement that no contamination had been 
found in any source of potable water at the Site, which likely included both 
ground-water and surface-water sources. 

The first reference to contamination potentially found in a ground-water 
sample is in the report for the week ending July 27, 1945 (Parker and 
Gamertsfelder 1945a). Gross beta contamination in ground water was detected 
at 1.3x10-4 ~Ci/L (130 pCi/L) in a well at "Ranch 13," which was located 
between the 200 Areas and the 100-B Area. The weekly report includes a 
statement that it was not known whether this measurement represented true 
ground-water contamination or resulted from cross-contamination of the water 
sample with surface contamination. 

During the remainder of 1945, ground-water sampling continued to be 
focused on detecting radfonuclides in drinking water at the Hanford Site. 
Sporadic measurable concentrations of gross alpha and gross beta emitters were 
reported in Parker and Gamertsfelder (1945a, 1945b). Measurable concentra­
tions of gross beta emitters were reported in the B-Y well and in wells at 
Ranch 13, White Bluffs, Columbia Camp, the Hanford townsite, Richland, and 
Benton City (Figure 6.2). However, all of the reported concentrations were 
only slightly above the detection limits achievable during 1945. 

Detectable concentrations of gross beta emitters were observed in dif­
ferent wells during this reporting period. No one well consistently had con­
centrations above the detection limit. The maximum reported gross beta 
concentration during 1945 was 8.7x10-4 ~Ci/L (870 pCi/L) at the Ranch 13 well 
during the week ending November 7 (Parker and Gamertsfelder 1945a, 1945b). 

Most of the monthly reports for 1945 in Parker (1945b) included a state­
ment that no pollution of well water by radioactive wastes was evident. Since 
radioactivity observed in well water at Ranch 13 was attributed to airborne 
sources and cross-contamination of the water samples, all of the sporadic 
detections of contamination described in the weekly reports during 1945 were 
interpreted to be the result of these sources of contamination. 
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The same trend of sporadic measurement of detectable concentrations of 
gross beta emitters continued during 1946 (Gamertsfelder 1946a-j; Parker 
1946a-c, 1947a-c). Detectable concentrations of gross beta emitters were 
observed in the B-Y well and wells in Richland, Kennewick, the Hanford town­
site, White Bluffs, Ranch 13, the Benson Ranch, and the 300 and 3000 Areas 
north of Richland. During 1946, an average of 187 samples was collected each 
month from surface-water and ground-water sources used to supply drinking 
water. The minimum number of samples collected in a month during 1946 was 
107 and the maximum was 391. 

Parker (1946a) reported that transfer of the "water counting program" 
from the Cold Semi-Works Building to laboratories in the contaminated "Techni­
cal Building" exposed the system to potential contamination. Parker (1946a) 
stated that this situation would be investigated further and, if necessary, a 
special laboratory would be constructed to perform this work. Parker (1947d) 
reports that the Health Instruments Section laboratories were being moved to 
the U Plant Contr.ol Laboratory and two quonset huts in the 300 Area. However, 
he states that the U Plant Laboratories had previously been contaminated with 
plutonium and a special laboratory for analysis of low-levels of radionuclides 
might be necessary. 

During 1948, the number of samples collected from surface-water and 
ground-water sources used to supply drinking water each month averaged 326, 
with a minimum of 241 and a maximum of 375 (Singlevich 1948a-i; Healy 1948). 
In addition, the reports for 1948 include results of sampling 11 to 15 test 
wells not used to supply drinking water. With one exception, gross beta con­
centrations were below the detection limits in both the drinking-water sources 
and test wells. One sample from a well in the 300 Area had a gross beta con­
centration of 5.8x10-5 ~Ci/l (58 pCi/l), only slightly above the 5x10-5 ~Ci/L 
(50 pCi/L) detection limit. 

During the last quarter of 1948, 1011 samples were collected from drink­
ing water originating from surface-water and ground-water sources at the 
Hanford Site and analyzed for radioactive contamination (Singlevich and Paas 
1949a). Ninety-nine samples were collected from test wells at the Site. 
Approximately 1/5 of the samples were 12 L, rather than the 500-ml (0.5-L) 
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samples normally collected. The number of samples from each source varied 
from 5 per week to 1 per month, depending on the location of the source, the 
probability of that source being contaminated, and on concentration trends 
observed in previous analytical results. 

During 1949 and 1950, the number of samples collected from test wells 
and analyzed for radionuclides increased (Singlevich and Paas 1949b; Paas and 
Singlevich 1950a-d; Paas 1951a). The detection limit for gross beta emitters 
was lowered to 10 pCi/L. Concentrations of gross beta emitters were reported 
above the detection limit (up to 117 pCi/L) in wells monitoring the unconfined 
aquifer in north Richland during this time. Uranium concentrations were above 
the detection limit in wells at Richland, Benton City, and the 300 Area. 

In addition to the Hanford Site and Richland wells where data on radio­
nuclide concentrations in ground water were collected, 25 samples were col­
lected from irrigation wells located northeast of the Site during the first 
quarter of 1950 (Paas and Singlevich 1950c). All of the samples collected had 
gross beta concentrations less than the detection limit of 10 pCi/L. 

During 1951, zones of contamination in the 200-East and 200-West Areas 
were identified and monitored by analyses for radionuclides and nitrates 
(Mickelson .1952). These measurements were made to determine the rate of move­
ment, diffusion (dispersion), and behavior of contaminants in the ground 
water. No specifics are provided for the type or extent of contamination that 
was observed, although it most likely was gross beta activity. 

During 1951, the number of drinking-water and test well samples col­
lected each month continued to increase. The average number of drinking-water 
samples collected each month during 1951 was 1005, and the average number of 
test-well samples collected was 250 (Paas 1951b, 1951c; Paas 1952a). Detecta­
ble concentrations of alpha emitters (natural uranium) were observed in wells 
at Benton City and Richland. During the fourth quarter of 1951, an additional 
48 wells drilled by staff in the Geology Group were added to the sampling net­
work (Paas 1952a). 

During 1952 and 1953, the patterns of gross beta and gross beta concen­
trations remained similar to those observed in previous reporting periods 
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(Paas 1952b, 1952c; Paas 1953a-e). Most of the gross beta concentrations were 
below the 5x10-8 ~Ci/ml (50 pCi/L) detection limit during this reporting 
period. 

During the third quarter of 1953, trace amounts of contamination by 
gross beta emitters were observed in well 699-32-77, with an average concen­
tration of 9x10-8 ~Ci/ml (90 pCi/L) and a maximum concentration of 
1.9x10-7 ~Ci/ml (190 pCi/L) (Paas 1953e) . 

The first discussion of the movement of contaminated ground water was in 
1956. Parker (1956) discussed movement of contaminated ground water south­
eastward from cribs receiving scavenged waste. The contamination probably 
consisted of gross beta emitters. A velocity associated with this contamina­
tion was estimated to be an average of 36 ft/day . These measurements were 
compared with borehole dilution velocity measurements conducted in the same 
general area and were found to be in -agreement. 

Parker (1956) estimated that the travel time for contamination to move 
13 miles from the 200-East Area to the Columbia River was 5 years . Parker 
(1956) states : 

"The local measurements of actual rate of ground-water movement are 
higher than one would have believed possible under the older 
methods of study. They have been amply verified now by alternative 
methods . In brief, we can be sure that some radioactive wastes can 
travel 13 miles underground to the Columbia River in less than 
5 years. Five years ago, it was believed ~hat the realistic travel 
time was about 1000 years; an operational philosophy was built 
around the apparently safe assumption that 50 years was the minimum 
time." 

The Earth Sciences Unit monthly report for January 1956 recorded the 
first measurement of ground-water contamination outside the 200-Eas~ and 
200-West Areas (Earth Sciences Personnel 1956a) . Earth Sciences Personnel 
(1956a) identified the period between 1947 and 1948 as the time when the first 
known contamination of the ground water occurred in the Separations Area at 
the 361-B reverse well site which received wastes from B Plant. The extent of 
contamination in the 200-East and 200-West Areas during January 1956 is 
illustrated in Figures 6.3 and 6.4, respectively . The extent of contamination 
illustrated in these figures is presumably based on gross beta measurements, 
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FIGURE 6.3. Approximate Extent of Known Ground-Water Contamination from 
the 200-East Area During January 1956 (after Earth Sciences 
Personnel 1956a) 

but the specific radionuclide is not listed. In addition, the concentration 
l imit used to specify the extent of contamination was not listed. 

The Earth Sciences Unit monthly report for April 1956 (Earth Sciences 
Personnel 195Gb) documented that contamination southeast of the 200-East Area 
had spread extensively from the previous month. The sampling and analysis 
results were interpreted to indicate that radioactive contamination had moved 
as far away as 13 miles southeast from sources in the 200-East Area (Fig-
ure 6. 5). This interpretation was based on gross beta measurements, as well 
as measurements of sodium and nitrate that were discharged to the ground 

6. 12 



TPond 

U Pond 

REDOX 
Pond 

200-West Area 

D Zone of 
Contamination 

FIGURE 6.4. Approximate Extent of Known Ground-Water Contamination from 
the 200-West Area During January 1956 (after Earth Sciences 
Personnel 1956a) 

al ong with the radioactive contamination. Interpretation of the distribution 
of contamination in ground water beneath the 200-West Area (Figure 6.6) 
changed significantly from the previous reporting period, but it still did not 
illustrate that contamination had migrated significantly downgradient. No 
indication was provided of the concentration limit or contaminant used to 
define the extent of contamination . 
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FIGURE 6.5. Approximate Extent of Known Ground-Water Contamination from 
the 200-East Area During April 1956 (after Earth Sciences 
Personnel 1956b) 

Brown (1957a) replaced the earlier Earth Sciences monthly waste disposal 
monitoring reports published by the Earth Sciences Personnel. A different 
interpretation of the water table configuration in the 200-East Area resulted 
in a finding that the extent of ground-water contamination during July, 
August, and September 1956 (Figure 6.7) was smaller than previously reported 
(Brown 1957a). The distribution of ground-water contamination beneath the 
200-West Area had not changed significantly from the previous reporting 
period. The report did not indicate the concentration limit or contaminant 
used to define the extent of contamination. 
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FIGURE 6.6. Approximate Extent of Known Ground-Water Contamination from 
the 200-West Area During April 1956 (after Earth Sciences 
Personnel 1956b) 

Brown (1957a) reported that laboratory experiments were performed with 
wastes from the process operations to determine volumes of wastes that could 
be discharged to the ground before contaminants in the soil column (unsatu­
rated zone) would break through to the ground water. The laboratory 
researchers reported the results of soil-column experiments designed to 
evaluate breakthrough of cobalt-60 . 
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FIGURE 6.7. Approximate Extent of Known Ground-Water Contamination from 
the 200-East and 200-West Areas During July, August, and 
September 1956 (after Brown 1957a) 

Brown (1957b) described westward movement of ground water and contami­
nants beneath the 200-East Area disposal sites. This change in direction was 
attributed to the ground-water mound resulting from operation of PUREX. The 
extent of ground-water contamination during October, November, and December 
1956 (Brown 1957b) was the same as found the previous reporting period, but 
was stated to be based on the 1.5xlo·7 ~Ci/ml (150 pCi/L) concentration con­
tour. The radionuclide used to delineate the extent of contamination was not 
specified, but presumably was ruthenium-lOG represented as gross beta. The 
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approximate extent of ground-water contamination beneath the 200-West Area is 
illustrated in a like manner; no significant change from the previous quarter 
was noted for contamination in the 200-West Area. 

Brown (1957b) described results from 70 borehole dilution velocity tests 
and reported more than 200 measurements. These tests were conducted as part 
of an effort to characterize the hydrologic characteristics of the unconfined 
aquifer beneath the Hanford Site. Of the reported measurements, nearly 53% 
were considered invalid because 1) well casings were improperly or inade­
quately perforated; 2) perforations were plugged; 3) the electrolytes were 
improperly mixed with well water, or 4) the volume of electrolyte resulted in 
density effects in the well. Brown (1957b) reported that laboratory studies 
were directed toward determining the usefulness of the borehole dilution 
method for determining aquifer characteristics. The method was later dropped 
in favor of other methods such as aquifer tests. 

Brown (1957c) reported that ground-water contamination beneath the 
200-East Area, defined by the 1.5x10-~ ~Ci/ml (150 pCi/L) concentration 
contour (Figure 6.8}, continued to move to the northwest and southeast in 
response to the water-table rise resulting from operation of PUREX. No 
significant changes in the extent and distribution of contamination in ground 
water beneath the 200-West Area were reported during the January, February, 
and March 1957 reporting period. 

Brown (1957c) discussed development of a method for tracer testing with 
fluorescein dye. Using the dye, researchers measured velocities up to 
770 ft/day southeast of the 200-East Area. Later interpretations of the data 
were that the field tests had problems with cross-contamination of wells with 
the dye and that the velocities might have been artificially high. 

Brown (1957d) reported that radioactive contamination beneath the 
200-East Area, defined by the 1.5x10-7 ~Ci/ml (150 pCi/L) gross beta concen­
tration contour, continued to move westward and spread to the north and south 
during April, May, and June 1957 (Figure 6.9). Wastes discharged to the 
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FIGURE 6.8. Approximat.e Extent of Known Ground-Water ·Contamination from 
the 200-East and 200-West Areas During January, February and 
March 1957 (after Brown 1957c) 

ground from PUREX operations we~e interpreted to form a second plume in the 
southeast corner of the 200-East Area. In the 200-West Area, contaminants 
discharged to the 216-S-1 and S-2 cribs reached the water table. An addi­
tional ground-water contamination plume is shown emanating from the 216-WR 
cribs (Figure 6.10). The area of ground-water contamination from T-plant 
operations in the northern portion of the 200-West Area was interpreted to 
show no change from the previous reporting period. 
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FIGURE 6.9. Approximate Extent of Known Ground-Water Contamination from 
the 200-East Area During April, May and June 1957 (after 
Brown 1957d) 

Brown (1957e) reported that the extent of ground-water contamination 
indicated by the 1.5x10-7 ~Ci/ml (150 pCi/L) contour of gross beta concen­
trations did not change significantly during the July, August, and September 
1957 reporting period. The addition of another well resulted in indication of 
a larger area of contamination from the 216-WR cribs and changed the interpre­
tation of the monitoring results for the 200-West Area. 
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FIGURE 6.10. Approximate Extent of Known Ground-Water Contamination from 
the 200-West Area During April, May and June 1957 (after 
Brown 1957d) 

Bierschenk (1958a) illustrated the ground-water contamination plumes 
beneath the 200-East and 200-West Areas for October, November, and December 
1957 in a single map (Figure 6.11). As noted, the extent of contamination is 
defined by the 1.5x10-7 ~Ci/ml (150 pCi/L) contour of gross beta concentra­
tions. In the interpretation provided by Bierschenk (1958a), the plume from 
the 216-B and 216-BY cribs in the 200-East Area coalesces with the plume from 
the 216-WR cribs in the 200-West Area. An additional plume in the southwest 
corner of the 200-West Area was the result of discharges to the 215-S-5 and 
S-6 cribs associated with operation of the REDOX plant. 
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FIGURE 6.11. Approximate Extent of Known Ground-Water Contamination from 
the 200-East and 200-West Areas During October, November and 
December 1957 (Bierschenk 1958a) 
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Bierschenk (1958b) illustrated the ground-water contamination plumes 
beneath the 200-East and 200-West Areas for January, February, and March 1958, 
defined by the 1.5x10-7 ~Ci/ml (150 pCi/L) contour of gross beta concentra­
tions (Figure 6.12). The interpretations of the plumes changed little from 
the previous reporting period, with the exception of open contours to the 
southeast, indicating that contamination had possibly moved farther to the 
southeast of the 200-East Area than shown by interpretation of data from the 
limited number of monitoring wells. 

Bierschenk (1958c, 1958d) reported that there were no significant 
changes in the concentrations or interpretation of ground-water contamination 
during the April through September 1958 reporting period. As in the previous 
reporting period, intermittent gross beta concentrations were detected in 
wells monitoring the 216-BC cribs slightly south of the 200-East Area. The 
interpreted distributions of contamination in ground water beneath the 
200-West Area were unchanged from the previous reporting period, other than 
the fact that the plume in the southwest corner of the 200-West Area from the 
215-S-5 and S-6 cribs was not shown. 

Bierschenk (1959a) provided, for the first time, contours of different 
levels of gross beta concentrations, starting with 1.5x10-7 ~Ci/ml (150 pCi/ L) 
for the period of October, November, and December 1958. Previous maps had 
shown only the extent of contamination. Three different gross beta concen­
tration contours are shown (Figure 6.13), with a maximum observed concentra­
tion of 1.2x10-2 ~Ci/ml (1.2x107 pCi/L). Bierschenk (1959a) indicated that 
most of the gross beta contamination was attributed to ruthenium-106. The 
gross beta contaminant plumes, which are different in extent from those previ­
ously reported, are superimposed on a water table map. The area shown, how­
ever, is restricted to the general 200-East and 200-West Areas. The contami­
nant plume from the 216-B and BY cribs in the northern portion of the 200-East 
Area was interpreted as having receded to the point where it was no longer 
connected with the plume from the 216-WR cribs in the 200-West Area. 
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FIGURE 6. 12 . Approximate Extent of Known Ground-Water Contamination from 
the 200-East and 200-West Areas During January , February and 
March 1958 (after Bierschenk 1958b) 
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FIGURE 6.13. Approximate Extent of Known Ground-Water Contamination from 
the 200-East and 200-West Areas During October, November and 
December 1958 . (after Bierschenk 1959a} 

The plume associated with discharge of wastes from PUREX to the 216-A cribs in 
the eastern portion of the 200-East Area is interpreted to show two separate 
zones of higher gross beta concentrations. Ground-water wells monitoring the 
216-BC cribs south of the 200-East Area continued to show intermittent gross 
beta concentrations. No significant changes were noted in the 200-West Area, 
other than the contaminant plume from the 216-WR cribs was no longer connected 
with contamination from the 216-8 and BY cribs in the 200-East Area. 

Through tracer tests using fluorescein dye, Bierschenk (1959b} docu­
mented a velocity for ruthenium-106 from the 200-East Area to downgradient 
monitoring wells of about 160 ft/day and 170 to 195 ft/day. These velocities 
are very high and Bierschenk cautioned that "precise determinations" of travel 
time could not be made at that time for Hanford because all of the influences 
on monitoring data at the Site were not quantified. 
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Bierschenk (1959d) included a summary on ground-water hydrology where an 
average "travel time" of 180 years for contaminants i~ the 200-East Area to 
reach the Columbia River is discussed. The calculation of travel time was 
based on field measurements of hydraulic conductivity from aquifer tests and 
construction of a water-table map with directions, rates, and volumes of 
ground-water flow. The "mean lateral path" was determined to be an broad arc 
trending south and east from the Separations Areas to the Columbia River. 

The interpreted distribution of gross ·beta contamination in ground water 
beneath the 200-East and 200-West Areas remained essentially unchanged from 
January through June 1959. However, Bierschenk (1959e) indicated that gross 
beta contamination was detected in three wells, 699-34-39A, 699-31-30, and 
699-24-33, approximately 5 mi southeast of the 200-East Area. These wells are 
outside the area shown on the map; there were no other wells between them and 
the 200-East Area. 

An area of contaminated ground water southeast of the 200-East Area is 
shown in Figure 6.14 from Haney (1959). However, the plume was not connected 
with any of those interpreted to exist within the 200-East Area because it did 
not have an identified source; two probable sources were identified as the 
216-BY cribs or the 216-A cribs. The interpretation of this plume was based 
on gross beta concentrations for two wells, 699-31-30 and 699-34-39A, and was 
complicated by information from the hand-drawn water table map which indicated 
that these wells are upgradient of the probable sources .. At the time, Haney 
(1959) attributed the conflicting monitoring and hydrologic information to 
water-level variations in response to waste discharges in both the 200-East 
and 200-West Areas. 

The interpreted distribution of gross beta contamination in the aquifer 
presented in Haney (1960a) for October, November, and December 1959 (Fig-
ure 6.15) was dramatically different from those included in previous quarterly 
reports. Haney (1960a) interpreted the gross beta contamination in samples 
from wells 699-34-39A, 699-31-31, and 699-24-33 as being connected with the 
plumes beneath the 216-A (PUREX) cribs, thus identifying these cribs as the 
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FIGURE 6.14. Distribution of Known Ground-Water Contamination Based on 
Gross Beta Measurements for September 1959 (after Haney 1959) 

source. Wells southeast of the 200-East Area were resurveyed for control ele­
vations at the ground surface. These control elevations were used for depth­
to-water measurements to establish elevations for contouring the water-table 
maps. The resurvey showed that surface casing elevations for wells 699-30-31 
and 699-24-33 were in error by approximately 7 ft. Once the error was cor­
rected, wells 699-34-39A, 699-30-31, and 699-24-33 were interpreted as being 
approximately downgradient of the 216-A cribs. In addition, the interpreta-

.tion of the plume from the 216-BY cribs changed to reflect migration of 
greater than 1x10-4 ~Ci/ml (100,000 pCi/L) concentrations of gross beta to the 
north and to reflect connection of the lower concentrations with the plume 
from the 216-A cribs. Connecting the lower concentrations in the 216-BY gross 
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FIGURE 6.15. Distribution of Known Ground-Water Contamination Based on 
Gross Beta Measurements for October, November, and 
December 1959 (after Haney 1960a) 

beta plume with those from the 216-A plume probably reflects a lower detection 
limit for gross beta concentrations of 8x10-8 ~Ci /ml (80 pCi / L) . The plume of 
contamination originating at the 216-WR and REDOX cribs in the southeastern 
corner of the 200-West Area was interpreted to have spread farther to the 
southeast, reflecting the lower detection limit for gross beta concentrations. 

The interpreted distribution of gross beta contamination in the 200-East 
and 200-West Areas from January through December 1960 is essentially unchanged 
from the previous reporting period (Haney 1960c, 1960d; Haney 1961a, 1961b). 
The exceptions to this observation are in the plume southeast of the 200-East 
Area and east of the 200-West Area. Low gross beta concentrations showed up 
during the January through June 1961 reporting period in wells 699-26-15 and 
699-20-20. These wells are located 2.5 mi east and southeast of well 

6. 27 



699-24-33, the southernmost well with gross beta concentrations during the 
previous reporting period. Haney (1961b) observed that, based on first arri­
val of radionuclides at well 699-24-23 and subsequent arrival at the down­
gradient wells (699-26-15 and 699-20-20), movement over the 2.5 mi occurred in 
approximately 2.5 years. 

Haney (1961b) marked a change from quarterly to semiannual reporting of 
the Chemical Effluents Technol ogy Operations activities. For the first time 
in a quarterly report (Haney 1961b), the average gross beta measurements for 
each well sampled at the Hanford Site were included in an appendix table. 

The distribution of gross beta concentrations for July through December 
1962 defined by the 8x10-8 ~Ci/ml (80 pCi/L) detection limit (Figure 6.16) 
reported by Brown (1963) was different from the previous reporting period. 
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FIGURE 6.16. Distribution of Average Gross Beta Concentrations in the 
Unconfined Aquifer During July Through December 1962 
(after Brown 1963) 
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The gross beta plume that extends southeast from the 200-East Area was mapped 
as having extended nearly to the river. Brown (1963) noted only minor changes 
in the distribution of gross beta concentrations in the 200-West Area, 
although a larger area of contamination to the west is shown . 

The distribution of gross beta concentrations for January through June 
1963 (Figure 6.17) in Haney (1963) was different from that in the previous 
reporting period in that the plume is indicated as having retreated from the 
river. However, intermittent concentrations of gross beta emitters were 
observed in wells near the river and mapped as isolated zones of gross beta 
contamination. The reduction in the extent of gross beta contamination was 
attributed to reductions in the quantity of radioactive waste discharged to 
the ground from the REDOX plant and to decay of low concentrations of 

ruthenium-106 and rhodium-106. 
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FIGURE 6.17. Distribution of Average Gross Beta Concentrations in the 
Unconfined Aquifer During January Through June 1963 
(after Haney 1963) 
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The distribution of gross beta concentrations in Brown and Haney (1964) 
is interpreted to indicate that the gross beta plume had reached the Columbia 
River, based on intermittent detectable concentrations (Figure 6.18). Brown 
and Haney (1964) based estimates of travel time on " ... the appearance time of 
gross beta-emitters (ruthenium-106 and rhodium-106) and tritium in monitoring 
wells located at various distances from liquid waste disposal sites." They 
estimated an average travel time of 7 to 8 years for ruthenium-106 to move 
from the PUREX plant southeast to the Columbia River. They also estimated a 
travel time of 20 years to the river for "radiocontaminants" discharged to the 
ground from the REDOX plant in the 200-West Area . 
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FIGURE 6.18. Distribution of Average Gross Beta Concentrations in the 
Unconfined Aquifer During July Through December 1963 
(after Brown and Haney 1964) 
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The distribution of average gross beta concentrations for January 
through December 1964 (Figure 6.19) reported in Brown (1964) was different 
from the previous reporting period in several areas. The gross beta plume was 
mapped as having reached the river. A zone of detectable concentrations 
(10 to 100 pCi/L) is shown adjacent to the river, where ground water and 
Columbia River water mix during periods of high river stage. 

The interpreted distribution of average gross beta concentrations for 
January through June 1965 reported in Brown (1965) was essentially the same · as 
that during the previous reporting period. Samples collected from wells in 
the large gross beta· plume southeast of the 200-East Area were analyzed to 
determine the isotopes contributing to the gross beta concentratio~s. Brown 
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FIGURE 6.19. Distribution of Average Gross Beta Concentrations in the 
Unconfined Aquifer During January Through December 1964 
(after Brown 1964) 
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(19G5) interpreted the results to indicate that essentially all of the gross 
beta activity was attributable to ruthenium-lOG/rhodium-lOG and tritium. 
Brown (19G5) reported that analyses of ground-water samples from wells near 
the Columbia River showed detectable concentrations of both ruthenium-lOG and 
chromium-51. This finding was interpreted as an indication that ground water 
and river water were mixed because ruthenium-lOG is associated with ground­
water contamination and chromium-51 was present in the Columbia River from 
reactor operations (Hall 1991). 

The distribution of average gross beta concentrations in the unconfined 
aquifer from July through December 19G5 (Figure G.20) reported by Eliason 
(19GGa) changed considerably from the previous reporting period. This 
interpretation was based on the same reporting levels (contours) and detection 
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FIGURE G.20. Distribution of Average Gross Beta Concentrations in the 
Unconfined Aquifer During July Through December 19G5 
(after Eliason 19GGa) 
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limit [0.08 pCi/ml (80 pCi/L)] as in previous reporting periods. However, 
Eliason (1966a) interpreted the extent of contamination to be larger, based on 
detection of gross beta in several additional wells. 

Eliason (1966b) provided a summary of gross beta measurements from the 
unconfined aquifer from January through June 1966. The interpreted distribu­
tion of average gross beta contamination in the aquifer was slightly different 
from the previous reporting period. Eliason (1966b) included a discussion of 
travel-time predictions for beta emitters from the 216-A-10 crib downgradient 
to well 699-34-39A. In late 1962, an increase of beta activity discharged to 
the A-10 crib for a 2-month period was observed. A maximum activity in well 
34-39A was observed in January 1965 (Figure 6.21}, which confirms a 2-year 
prediction by Brown and Haney (1964). The travel time to this point was 
26 months (just over 2 years). 

The interpreted distribution of gross beta contamination in the uncon­
fined aquifer changed only minor amounts from July 1966 through December 1974 
(Eliason 1967b; Kipp 1972; Kipp 1973a, 1973b; Raymond et al. 1976). Kipp 
(1972 ) cautioned that concentration contours presented in the report should 
not be interpreted as indicating that no radioactivity was present in the 
ground water beyond the outermost boundary of the interpreted plume. Some 
radionuclide concentrations exist outside this boundary and may even have 
reached the Columbia River, but were not detectable by the measurement tech­
niques employed at the time . 

The distribution of gross beta contamination in the unconfined aquifer 
during 1974 (Figure 6.22) changed only slightly from the previous reporting 
period, although the plume was beginning to shrink (Raymond et al. 1976). 
Previously, the 0.08 pCi/ml (80 pCi/l} contour was used to define the extent 
of the gross beta plume . The plume in Figure 6.22 is defined by the 
0.1 pCi/ml (100 pCi/L) contour . 

The contribution of different radionuclides to the gross beta 
concentrations in ground water at the Hanford Site changed from previous 
interpretations . Previously, ruthenium-106 was assumed to be the dominant 
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FIGURE 6.21. Response of Downgradient Monitoring Wells to Gross 
Beta Emitters Discharged to the 216-A-10 Crib 
(after Eliason 1966b) 

contributor to gross beta concentrations at all locations on the Hanford Site. 
Raymond et al. (1976) reported that the contribution of other radionuclides to 
gross beta was important at different locations in the unconfined aquifer. 
Specifically, away from the operating areas, cobalt-60 was found to be the 
dominant contributor to gross beta concentrations. This difference is because 
ruthenium-106 has a shorter half-lif~ (367 days) than cobalt-60 (5.3 years) so 
the ruthenium-106 concentrations are reduced more than cobalt-60 concentra­
tions in the ground water. Table 6.3 illustrates differences in the ratio of 
ruthenium-106 to cobalt-60 concentrations in the ground water southeast of the 
200-East Area. 
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TABLE 6.3. Ratio of Ruthenium-106 to Cobalt-60 for Selected Wells Southeast 
of the 200-East Area During 1974 (Raymond et al. 1976) 

Well Number 
699-34-39A 

31-31 
20-20 
26-15 

Ruthenium-106/Cobalt-60 
Concentration Ratios 

1.12 
0.29 
0.20 
0.17 

Myers et al. (no date) reported that during 1975, the gross beta plume 
continued to decrease because of radioactive decay. Myers et al. (no date) 
attempted to correlate peaks in gross beta concentrations at wells 699-34-42 
and 699-33-22 with source releases in the 200-East Area. However, correlation 
was difficult because dispersion within the flow system coalesced minor 
contaminant plumes from different release points and masked the true time of 
release from any one source. 

Myers, Fix, and Raymond (1977) reported that the gross beta plume con- . 
tinued to shrink during this reporting period. The interpretation of the 
plume, however, showed only minor changes compared with the previous reporting 
period. Further analyses were performed on ground water using a large-volume 
water sampler to refine definition of the key radionuclides contributing to 
the gross beta concentrations. Ruthenium-106 and cobalt-60 were found to be 
the dominant contributors to gross beta, confirming previous analyses by 
Raymond et al. (1976). 

. . 
Eddy and Wilbur (1980) reported that during 1979, the gross beta plume 

continued to recede because of radioactive decay. By 1982, gross beta con­
centrations in the aquifer had decreased, and the plumes had receded to a 
point where it was no longer necessary to include the maps in the annual 
reports (Eddy, Prater, and Rieger 1983). 

Tritium 

Tritium is the most mobile radionuclide that was discharged to the 
ground in large quantities at the Hanford Site; because it is part of the 
water molecule, it moves directly with the ground water. It is currently the 
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most extensively monitored radionuclide in the ground water at the Site and 
was used as an indicator of the maximum extent of ground-water contamination 
after it was determined to be present (Jaquish and Bryce 1990). The most 
recently published distribution of tritium in the unconfined aquifer is 
illustrated in Figure .6.23. 

Different patterns of migration occurred for radionuclides moving out of 
the 200-East and 200-West Areas because of differences in geology. The 
tritium plume to the east and southeast of the 200-East Area has a much larger 
distribution than the tritium plume south of the 200-West Area (Figure 6.23). 
In the 200-West Area, the water table is located in the middle Ringold Forma­
tion; whereas, in the 200-East Area it is located in the more permeable 
Hanford formation (Jaquish and Bryce 1990). The higher permeability of the 
Hanford formation allows contamination to migrate a greater distance from the 
200-East Area than from the 200-West Area where the ground water (and contami­
·nation) is in the middle Ringold Formation: 

Tritium wa~ not always monitored in the unconfined aquifer because, 
before 1959, its release was not recognized to be a result of Hanford Site 
chemical separations operations. Tritium is a low-energy beta emitter that 
was not detected with the gross beta measurement methods using during early 
monitoring at the Hanford Site. In 1959, tritium was reported in offsite 
publications as a byproduct of uranium fission (Haney, Brown, and Reisenauer 
1962). After this discovery, waste streams discharged to the ground and the 
ground water beneath the 200 Areas were analyzed for tritium. 

The first monitoring results for tritium in the ground water were 
reported in Brown (1962b). For the initial assessment of the extent of 
tritium in the unconfined aquifer, samples were collected from 55 monitoring 
wells that were already part of the routine monitoring network. The highest 
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concentration reported from the initial sampling was 0.05 ~Ci/ml (5 x 
107 pCi/L) in well 699-34-39A. Results of the initial sampling for other 
wells were summarized in an appendix in Brown (1962b). 

The first map produced to illustrate the distribution of tritium con­
tamination in _ the unconfined aquifer (Figure 6.24) was based on a detection 
limit of 1x10-s ~Ci/ml (10,000 pCi/L) (Brown 1962b). The leading edge of the 
tritium plume was interpreted to have nearly reached the Columbia River, with 
detectable concentrations averaging 7x10-s ~Ci/ml (70,000 pCi/L) in well 
699-20-E12 near the river. Samples collected from springs along the banks of 
the Columbia River did not contain tritium in concentrations above the detec­
tion 1 imit. 
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FIGURE 6.24. Distribution of Average Tritium Concentrations in the 
Unconfined Aquifer During January Through June 1962 
(after Brown 1962b) 
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The distribution of average tritium concentrations for July through 
December 1962, illustrated in Figure 6.25 (from Brown 1963}, covers a smaller 
area than that shown on the first map provided by Brown (1962b) for the previ­
ous reporting period (the first 6 months of 1962) . Both of the plumes from 
the 200-East and 200-West Areas, defined by the 1x10-s ~Ci/ml (10,000 pCi/L) 
contour and higher concentrations, are smaller. 

The extent of tritium in the unconfined aquifer interpreted for January 
through June 1963 (Figure 6.26) was further reduced from the previous report­
ing period (Haney 1963). Exceptions were noted in wells 699-41-23 and 
699-40-1, where intermittent detectable concentrations of tritium were 
present. These wells were mapped as isolated zones of contamination, but 
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FIGURE 6.25 : Distribution of Average Tritium Concentrations in the 
Unconfined Aquifer During July Through December 1962 
(after Brown 1963) 
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FIGURE 6.26. Distribution of Average Tritium Concentrations in the 
Unconfined Aquifer During January Through June 1963 
(after Haney 1963) 
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probably were associated with the plume from the 200-East Area. Results for 
tritium during this reporting period were based on a detection limit of 
1x10-s Ci/ml (10,000 pCi/l). Reference was made to lowering the detection 
limit to 2x10-6 ~Ci/ml (2,000 pCi/l) for routine analyses and to 1x10-7 to 
5x10-9 ~Ci/ml (100 to 5 pCi/l) for nonroutine analyses of samples from wells 
near the outer edge of the plume. 

The distribution of average tritium concentrations in the unconfined 
aquifer during January through December 1964 reported in Brown (1964) was 
essentially the same as that for the previous reporting period. However, the 
area affected by discharges to B Pond was interpreted as having expanded 
slightly and the tritium concentrations near the river are thought to be 

6.41 



affected by mixing of contaminated ground water and clean river water. Inter­
pretation of the distribution of tritium concentrations was based on the lower 
detection limits referenced in Brown and Haney (1964). 

Brown and Haney (1964) presented a summary of the early tritium monitor­
ing data, one year after tritium was reported as a fission product. The 
distribution of tritium in the unconfined aquifer for July through December 
1963 is shown as having reached the Columbia River (Figure 6.27). In addition 
to the monitoring results for tritium, Brown and Haney (1964) included a sec­
tion on travel time estimates in their report. Their estimates of travel time 
for tritium were based on the first appearance or arrival of tritium 
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FIGURE 6.27. Distribution of Average Tritium Concentrations in the 
Unconfined Aquifer During July Through December 1963 
(after Brown and Haney 1964) 
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concentrations near the detection limit, which was lowered from lxl0-5 to 
2xlo-s ~Ci/ml (10,000 to 2,000 pCi/L) in July 1963. However, in the moni­
toring data for wells near the Columbia River, the appearance of tritium and 
other radionuclides was sporadic. Brown and Haney (1964) attributed the spo­
radic measurements to the fact that the concentrations were close to the detec­
tion limit and to fluctuations of the river stage. 

Brown and Haney (1964) identified three sources of uncertainty for the 
estimates of arrival time at the wells and the river: 1) variations in 
measured concentrations because radionuclide concentrations varied with depth 
(at that time, many of the wells were open to a wide interval); 2) the rela­
tively sparse monitoring well coverage at some locations (there were not very 
many wells located near the river at the time); and 3) possible inaccuracies 
in the flow system interpretation (and also problems with ground-water moni­
toring measurements). Their stated philosophy for estimating travel times was 
to err on the conservative side when anomalies in the monitoring data were 
evident. A summary of the interpretation of travel times in the unconfined 
aquifer by Brown and Haney (1964) is illustrated in Figure 6.28. These 
travel-time interpretations were based on tritium and gross beta (ruthenium­
lOG) monitoring data. 

The interpreted distribution of tritium remained essentially unchanged 
between 1963 and 1965 (Brown 1965). As with gross beta monitoring results for 
1965 (Figure 6.20), the distribution of average tritium concentrations in the 
unconfined aquifer from July through December 1965 (Figure 6.29) reported by 
Eliason (1966a) was considerably different from that during the previous 
reporting period, although the same contour intervals and detection limit 
(2 pCi/L) were used. The expanded zone of tritium contamination was a based 
on measurements showing tritium ievels slightly above the detection limit in 
several additional wells. 

Eliason (1966a) reported on analyses of samples from wells drilled to 
monitor the confined aquifers, although the specific confined aquifers that 
were sampled was not listed. The maximum tritium concentration observed was 
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2500 pCi/ml {2,500,000 pCi/L) in well 699-30-31R at a depth of 300 ft. This 
concentration was consistent with the 2300 pCi/ml (2,300,000 pCi/L) concen­
tration for the same well during the previous reporting period. 

Eliason (1967b) mapped both the tritium and gross beta plumes as having 
reached the Columbia River. The distribution of tritium (Figure 6.30) 
includes a zone of detectable concentrations (2 to 4 pCi/ml; 2000 to 
4000 pCi/L) that appear intermittently in wells as a result of river fluctua­
tions. Eliason (1967b) summarized the changes in the interpretation of the 
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Unconfined Aquifer During July through December 1965 
(after Eliason 1966a) 

extent of the tritium plume. The area covered by the 100 ,000 to 
1,000,000 pCi/L concentration range increased over the previous 6-month 
period. Eliason (1967b) attributed this increase in tritium activity to 
disposal of condensate wastes from B Plant. 

~ 

Essig (1968) reported a much smaller extent of tritium contamination in 
the unconfined aquifer during July through December 1967 (Figure 6.31). No 
specific explanation was provided for the different interpretation of the 
tritium (and gross beta) plume, other than responsibility for reporting 
shifted to a different organization. Interpretation of the tritium monitoring 
data for 1968 through 1972 remained essentially the same with some minor 
changes (Kipp 1972) . During this time , the plume was not interpreted to have 
reached the river . 

6.45 



Tritium Concentrations, pCi/L 

o 2000-10.000 a 100.000-1.000.000 

0 1o.ooo-1oo.ooo PB >1,ooo.ooo 

~ Detectable concentrations (2000-4000 
pCill..) appear1ng 1ntermrtten11y .n wells 
from nver recharge and ground d1sposal 

0 2 

Miles 

FIGURE 6.30. Distribution of Average Tritium Concentrations in the 
Unconfined Aquifer During July Through December 1966 
(after Eliason 1967b) 

3 

Kipp (1975) included data from the 200 Areas and a number of new moni­
toring wells; these data changed the interpretation of the tritium distribu­
tion in the unconfined aquifer (Figure 6.32). The first change consisted of 
joining the tritium plumes in the 100 Areas with the plume originating from 
the 200-East Area. Previously, these two plumes were separated in the area of 
Gable Gap, indicating separate sources. According to the interpretation in 
Kipp (1975), the plume to the north of Gable Gap had tritium both from 
100-Area and 200-East-Area sources. A second change in the interpretation of 
the tritium plume was in the area of the Washington Public Power Supply System 
(Supply System) where several wells were sampled during pumping for 
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construction water at the Supply System Number 2 reactor. Tritium was 
detected in several monitoring wells and the tritium plume was extended to the 
Supply System location. 

Raymond et al. (1976) reported that the distribution of tritium in the 
unconfined aquifer changed little from the previous reporting period. How­
ever, the detectable front of the plume in the unconfined aquifer from the 
200-East Area was interpreted to have moved slightly toward the Columbia 
River . The tritium plume was not mapped as having reached the river during 
this reporting period. 

Myers, Fix, and Raymond (1977) reported that , based on monitoring data 
from well 699-40-1 (Figure 6.1), the tritium plume was expected to reach the 
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Columbia River "in the near future . " The leading edge of the tritium plume , 
defined by the 30 pCi / ml isopleth (30,000 pCi/L) was mapped as nearly having 
reached the river. Samples from wells monitoring the confined aquifer on both 
sides of the Columbia River near the eastern border of the Hanford Site all 
had tritium concentrations that were less than the detection limit . Myers , 
Fix and Raymond (1977) included the first summary of cooperative sampling with 
the USGS. The purpose of this sampling and analysis effort was to provide 
independent, non-Hanford laboratory results for comparison . The results 
showed good agreement between the PNL and USGS analyses. 

The tritium concentrati~n history in well 699-40-1 illustrates the 
results of the well remediation effort described by Eddy, Myers and Raymond 
(1978), McGhan (1978) , and in Section 5.2 of this report. Before 1974 , 
tritium concentrations measured i n the well were highly variable . This varia­
tion resulted from collecting samples at different depths in an open well. As 
described in Section 5.2.1, the well was shortened during 1974 to sample 
approximately the upper 30ft in the aquifer. The variability in the reported 
concentrations decreased dramatically (Figure 6.1); however, the measured con ­
centrations of tritium increased because the highest concentrations are in the 
upper part of the aquifer. 

Staff in a consulting firm, SEARCH Technical Services, Inc. (SEARCH), 
interpreted the monitoring data from well 699-40-1 differently in that they 
were assumed to indicate periodic arrival of high concentrations of tritium 
from PUREX in a hypothetical high-permeability channel extending from the 
200-East Area to the Columbia River (Buske and Josephson 1986). However, the 
USGS (1987) concluded that problems with sampling an open borehole and the 
effects of the subsequent well remediation are a more feasible explanation of 
the increases in measured tritium concentrations. 

Myers (1978) reported that the tritium plume to the southeast of the 
200-East Area continued to shrink . The configuration of the tritium plume had 
changed little from the previous year, although the leading edge of the plume, 
defined by the 30 pCi/ ml (~0 , 000 pCi/ L) isopleth, was mapped as having reached 
the Columbia River (Figure 6.33) near well 699-40-1. This interpretation was 
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was based on increasing concentrations in Well 40-1. The time required for 
the 30,000 pCi/L isopleth to reach the river in 1977 represents the average 
travel time for tritium to migrate from the 200-East Area to the river. This 
estimate is different from the travel times prev·iously estimated by Brown and 
Haney (1964) which were for first arrival of detectable concentrations (see 
Figure 6.27) . 

Eddy and Wilbur (1980) reported that the tritium plume had reached the 
Columbia River befor~ 1979. They stated ·that tritium was discharging to the 
river, but impacts from this discharge were not discernable by comparing water 
concentrations at upstream and downstream locations in the Columbia River . 
Their interpretation of the tritium plume was different from previous years, 
with the map showing concentrations between 30 and 300 pCi/ml (30,000 to 
300,000 pCi/L) being discharged to the river (Figure 6.34). 

The interpretations of the tritium plume during 1980 to 1984 (Eddy and 
Wilbur 1981; Eddy, Prater and Rieger 1983; Prater et al. 1984; Cline et al. 
1985) are different from year to year. These changes in the interpretation of 
the tritium monitoring data arose from slight differences in reported concen­
trations and from different investigators providing the interpretation. All 
of the maps presented in the .annual reports were interpolated by hand. The 
tritium plume was mapped as having reached the river, and the 300 pCi/ml 
(300,000 pCi/L) isopleth was approaching the river. 

Price (1986) was the first annual monitoring report that included ground 
water with the other types of environmental monitoring performed at the 
Hanford Site. The interpretation of the tritium monitoring data was different 
from previous years; contour intervals of 20,000, 200,000, and 
2,000,000 pCi/L were used (Figure 6.35). Price (1986) interpreted the 
200,000 pCi/L isopleth as having reached the Columbia River. It is difficult 
to determine how much the change in the concentration contours (from 
300,000 pCi/L to 200,000 pCi/L) reflects arrival of higher concentrations at 
the river versus continued migration of the tritium plume toward the river. 
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The first wells located downgradient of the discharge facilities for the PUREX 
crib (wells 699-33-42 and 699-34-.42) began to show increasing tritium concen­
trations, indicating a first arrival for tritium at these wells of 2 years 
after PUREX restarted in 1983. 

PNL (1987) reported that during 1986 , tritium concentrations continued 
to increase significantly at two wells downgradient of the PUREX liquid waste 
discharge facilities. Interpretation of the tritium monitoring data illus­
trates a second plume of higher concentrations resulting from restart of PUREX 
(Figure 6.36) . 

Jacquish and Mitchell (1988) reported that the tritium plume to the 
southeast of the 200-East Area (Figure 6.37) continued to discharge to the 
Columbia River near the Hanford townsite. In addition, the leading edge of 
the plume was observed to be moving farther south, and the new plume of higher 
concentrations resulting from restart of PUREX operations in December ~983 
continued to move to the southeast. 

Jacquish and Bryce (1989, 1990) reported that the tritium plume to the 
southeast of the 200-East Area continued to move to the east-southeast and to 
discharge to the Columbia River. The second plume resulting from restart of 
PUREX operations in December 1983 continued to expand to the southeast and 
concentrations near the source continued to increase. 

An outside consulting firm, SEARCH, hypothesized that the travel time 
for wastes from the PUREX facility t~ the Columbia River in a high­
permeability channel was on the order of 2.5 years (Buske and Josephson 1986) . 
In a review of the work by SEARCH and Hanford Site contractors, the USGS (USGS 
1987) reported a summary of ground-water monitoring data for the unconfined 
aquifer and estimated a 13-year average travel time for contaminants to 
migrate from the PUREX cribs to the Columbia River (Figure 6.38) . However, 
the USGS stated that because of uncertainties in interpreting some of the 
data, the average travel time probably ranged from 10 to 20 years. The USGS 
arrived at the 13-year travel time by assuming, on the basis of discharge 
records, that most of the tritium was discharged to the aquifer from the PUREX 
cribs after 1963. An arrival time at the Columbia River of 1976 gave the 
13-year estimate. 
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Review of ground-water monitoring data for the unconfined aquifer showed 
that the 30 pCi/ml (30,000 pCi/L) isopleth of the tritium plume reached the 
Columbia River between 1976 and 1979 (Myers 1978; Freshley and Graham 1988) . 
Assuming that most of the tritium in the ground water between the 200-East 
Area and the Columbia River is from PUREX operations, which began in 1956, 
arrival of the 30 pCi/ml (30 ,000 pCi/L) tritium isopleth at the river in the 
1976 to 1979 period represents an average travel time of 20 to 23 years. The 
average travel time for continuous release of a contaminant to a ground-water 
system is represented by arrival of half the maximum concentration at a point 
downgradient of the source. The 30 pCi/ml (30,000 pCi/L) concentration used 
to estimate the average travel time from the PUREX cribs to the river is 
approximately half the maximum sustained concentration in well 699-40-1 (Price 
1986), which is near the river. Higher concentrations of tritium [200 to 
300 pCi/ml (200,000 to 300,000 pCi/L)] were interpreted to begin discharging 
to the Columbia River beginning in 1985 (Price 1986). 

Iodine-129 

Less information is available regarding concentrations of iodine-129 in 
the unconfined and confined aquifers at the Hanford Site than for gross beta 
and tritium. The monitoring reports generally include listings of iodine-129 
monitoring data, but do not provide map interpretations. Iodine-129 is gen ~ 

erally not retarded by chemical interactions and therefore generally travels 
at the same velocity as ground water. It is regarded to be an excellent 
tracer and has a very long half-life of about 16 million years. A small 
amount of naturally occurring iodine-129 is associated with all iodine present 
in the environment. However, since the 1940s, additional iodine has been 
present in the Hanford Site environment from operation of reactors, reprocess­
ing of fuels from the reactors, and fallout from offsite nuclear weapons 
testing. 

Raymond et al. (1976) reported concentrations of iodine-129 in Hanford 
Site ground water measured during 1975. These measurements of iodine-129 are 
the result of 10 years of cooperative research by the Atlantic Richfield 
Hanford Company (ARHCO) and PNL to develop analytical methods for detecting 
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low levels of selected radionuclides. Iodine-129 was reported to have essen­
tially the same distribution as other contaminants , such as tritium, in the 
unconfined aquifer. 

During _1976, water samples from ten wells monitoring the unconfined 
aquifer were analyzed for iodine-129 (Myers, Fix, and Raymond 1977). Results 
of the analyses (Table .6.4) indicate that iodine-129 behaves the same as other 
contaminants; concentrations were hig~est near the 200-Area sources and 
decreased as they move toward the Columbia River. 

Myers (1978) also reported iodine-129 concentrations for ground water in 
the unconfined aquifer. The maximum concentration observed in 10 wells was 
1 pCi/ L in well 699-27-8, which is located between the Columbia River and the 
200-East Area. All of the observed concentrations were well below the exist­
ing DOE concentration guide of 0.06 pCi/ml (60 pCi/L). 

Eddy and Wilbur (1980) reported that during 1979 more wells were sampled 
for iodine-129 than in previous years. The distribution of wells for 

TABLE 6.4 . Iodine -129 Concentrations in Selected Wells Monitoring the 
Unconfined Aquifer during 1976 (after Myers, Fix , and 
Raymond 1977) 

Iodine-129 
Concentration 

Well Date of Sample (pCi/Ll 

699-S29-E12 4/8/76 0.00005 
699-S3-El2 4/8/76 0.00008 
699-8-17 4/8/76 0.1 

699-27-8 4/8/76 1 
699-32-22 4/8/76 2 
699-33-56 4/8/76 0.0002 
699-34-42 4/8/76 5 

2/13/76 5 
699-35-70 4/8/76 37 .0 
699-35-9 4/8/76 0.8 
699-49-57 4/8/76 0. 2 
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iodine-129 analyses are illustrated in Figure 6.39. Concentrations reported 
for wells away from sources in the 200 Areas were similar to those observed 
during previous years. The maximum concentration of iodine-129 measured in 
the unconfined aquifer was 37 pCi/L in well 699-35-70 next to the 200-West 
Area. During 1980, fewer wells were sampled and analyzed for iodine-129 than 
in 1979 (Eddy and Wilbur 1981). All of the reported concentrations were less 
than 1 pCi/L. 

Iodine-129 monitoring results are included in the routine monitoring 
reports published since 1980. The list of monitoring reports containing 
iodine-129 monitoring results consists of Eddy and Wilbur (1980); Eddy, Cline 
and Prater (1982); Eddy, Prater and Rieger (1983); Prater et al. (1984); 
Cline, Rieger and Raymond (1985); Price (1986); PNL (1987); Jaquish and 
Mitchell (1988); and Jaquish and Bryce (1989, 1990). 

The occurrence of iodine-129 in ground waters was investigated as part 
of the Basalt Waste Isolation Project (BWIP) study of the suitability of 
basalts beneath the Hanford Site as a geologic repository for high-level 
nuclear waste. In the BWIP investigations, iodine-129 and other radio­
nuclides, were considered potential tracers for examining ground-water move­
ment beneath the Hanford Site (DOE 1988). The interest was in locating flow 
paths for rapid transport of radionuclides from the proposed repository to 
places where exposures could occur. The available iodine-129 data were con­
sidered to be • ... insufficient to make any supported conclusions regarding 
large-scale ground-water movement beneath the Hanford Site or in the general 
area of the- Umtanum Ridge-Gable Mountain anticline.• The latter is a major 
geologic structural feature on the Hanford Site that resulted from folding of 
the basalt layers. However, the data were interpreted to support the poten­
tial for aquifer communication (transfer of water and/or contaminants between 
aquifers) along the anticline (DOE 1988). 

Most of the iodine-129 data at the Hanford Site was collected as part of 
ground-water surveillance activities performed under the Site-wide ground­
water monitoring program. Most of the data collected under these special 
programs were unpublished, although some of the data were included in the 
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published quarterly reports. To correct this, DOE established an intercon­
tractor working group (IWG) in November 1986 to assemble and review all previ­
ously unpublished data on iodine-129 in ground water at the Hanford Site. The 
findings are contained in the working group report (IWG 1987). 

Four offsite water supply wells on the east side of the Columbia River 
and two former Army wells north of the Hanford Site (Figure 6.40) were sampled 
during the late 1960s and early 1970s to determine if contaminants were 
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FIGURE 6.40. Location of Offsite Wells Sampled for Iodine-129 
(after IWG 1987) 
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migrating offsite through the confined aquifer system. Most of these wells 
were open to more than one confined aquifer and, in some cases, to the uncon­
fined aquifer. The main interest in the sampling program was to determine the 
concentrations of iodine-129 in ground water (IWG 1987). Because Hanford Site 
operations and offsite weapons testing introduced iodine-129 into the atmos­
phere , concentrations of iodine-129 in recently recharged ground water are 
significantly higher than concentrations found in •older~ ground water. Natu­
ral background concentrations of iodine-129 for ground water in the basalt 
aquifers ranges from 10-8 to 10-9 pCi/L, while the results of the offsite well 
sampling indicated that some iodine-129 was present in the wells at measured 
concentrations ranging from 10-6 to 10:4 pCi / L (IWG 1987). This comparison of 
concentrations indicated possible migration of contaminated ground water off 
the Hanford Site. However, it was not conclusively determined whether the 
observed iodine-129 was from Hanford (IWG 1987). 

The range of concentrations shown in Figure 6.41 is approximately the 
same as that currently found in surface water such as the Columbia River and 
in precipitation. A few samples collected during the early round of offsite 
sampling had concentrations between 10-4 and 10-3 pCi/L. However, the early 
results were questionable because the sample handling procedure was poor and 
samples could be easily contaminated with iodine-129 during handling and analy­
sis (IWG 1987) . Sample handling procedures improved during the following 
years, and later samples collected from the same wells showed lower concentra­
tions of iodine-129. 

No conclusion has been reached regarding the source of iodine-129 in 
these offsite wells (IWG 1987; DOE 1988). Hydraulic heads in the confined 
aquifers indicate that ground water is not likely to flow across the Columbia 
River from the Hanford Site, especially with input of irrigation water on the 
east side of the river (Bryce et al. 1991). One possible explanation of the 
iodine-129 in the lower confined aquifers was that water from the unconfined 
aquifer flowed down unsealed well casings (IWG 1987). The unconfined aquifer 
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east and north of the Hanford Site has been recharged with surface water from 
the Columbia Basin Irrigation Project . This water contains concentrations of 
iodine-129 that are higher than background , either from Hanford Site releases 
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Because of the presence of iodine-129 in offsite wells, 13 wells were 
drilled into the confined aquifer system on the Hanford Site during the mid-
1970s as part of an offsite migration study funded by ARHCO and BWIP. As 
noted earlier, BWIP staff considered iodine-129 to be an ideal tracer that 
would assist them in determining the potential for offsite migration through 
the confined aquifers (IWG 1987). The wells were sampled annually for a few 
years for iodine-129, tritium, carbon-14 and oxygen-16,18, as well as for 
major and minor chemical constituents. The locations of these wells and 
results of analysis for iodine-129 are illustrated in Figure 6.42. Some of 
the iodine-129 sampling results for well OB-7 may have been affected by drill­
ing practices which could have introduced iodine-129 into the sampled aquifer 
(IWG 1987). 

Although the BWIP studies did not determine the source of the iodine-129 
in the offsite wells, the concentrations were well below the current EPA 
drinking-water standard of 1 pCi/L (EPA 1976). Therefore, the conclusion was 
that iodine-129 in confined ground waters did not result in significant radia­
tion doses. 

Other Radionuclides 

Reporting of other radionuclides in Hanford Site ground water was spo­
radic. In general, interpretations of the distributions (maps) of radio­
nuclides other than gross beta and tritium were not published. The reporting 
of radionuclides other than gross beta and tritium in the ground water 
increased with time. Evans et al. (1990) and Jaquish and Bryce (1990) 
provided summaries of the distributions of various radionuclides. 

Cobalt-60 in ground water at the Hanford Site is restricted to near the 
sources of effluent discharges. During 1989, most cobalt-60 concentrations in 
the unconfined aquifer were consistently near or below the detection limit of 
20 pCi/L, except in the 100-N Area and near isolated portions of the 200-East 
Area (Jaquish and Bryce 1989). The highest concentration of cobalt-60 in 
ground water (532 pCi/L) at the Hanford Site during 1989 was in well 
699-50-53, located directly north of the 200-East Area. [The drinking-water 
standard for cobalt-60 is 100 pCi/L (EPA 1976).] This migration of cobalt-60, 
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which is normally not considered to be mobile in Hanford ground water, is 
attributed to the presence of a complexing agent (another chemical) converting 
the cobalt-60 to a form that is mobile. This contamination is associated with 
cribs in the northern half of the 200-East Area where the flow direction is to 
the north through Gable Gap. 

Strontium-90 is present in ground water near sources of liquid-waste 
discharge in the 200-East Area (Jaquish and Bryce 1990). Concentrations rang­
ing up to 5740 pCi/L were pre$ent near the 216-B-5 reverse well, which was in 
operation from 1945 to 1947 (Stenner et al. 1988), and up to 301 pCi/L in well 
699-53-48 near Gable Mountain Pond. Strontium-90 is not very mobile in soil 
and ground water at the Hanford Site and has remained near the sources of dis­
charge. The drinking-water standard for strontium-90 is 8 pCi/L (EPA 1976). 

The highest concentrations of technetium-99 in ground water at the 
Hanford Site were 41,000 pCi/L measured in well 299-W19-24 (Jaquish and Bryce 
1990), located downgradient of the inactive 216-U-1 and U-2 cribs in the 
200-West Area. The drinking-water standard is 900 pCi/L (EPA 1976). Contami­
nation associated with these cribs is the combined result of past waste dis­
charges and recent (1985) discharges to another nearby facility (Delegard 
et al. 1986; Baker et al. 1988). 

Cesium-137 in ground water at the Hanford Site is associated with dis­
charges to the 216-B-5 reverse well (Jaquish and Bryce 1990). Concentrations 
measured during 1989 were 844 pCi/L in well 299-E28-23, 1070 pCi/L in well 
299-E 28-25, and 33 pCi/L in well 299-E28-24 in the 200-East Area. [The 
drinking-water standard is 200 pCi/L (EPA 1976).] As with strontium-90, 
cesium-137 is generally not mobile in soil and ground water at the Hanford 
Site. 

As with cesium-137, plutonium-239 is present in ground water near the 
216-B-5 reverse well (Jaquish and Bryce 1990). Plutonium also binds strongly 
with sediments composing aquifers and thus has limited mobility in ground 
water at the Hanford Site. During 1989, concentrations of plutonium-239 were 
7.2 pCi/L in well 299-E28-23 and 72 pCi/L in wells 299-28-25 and 299-E28-24. 
There is no explicit EPA drinking-water standard for plutonium-239, but the 
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gross alpha standard of 15 pCi/L would apply (Jaquish and Bryce 1990). 
Plutonium-239 has not migrated away from the 216-B-5 reverse well. 

Urani.um is present in 200-West Area ground water near the 216-U-1 and 
U-2 cribs (Jaquish and Bryce 1990). Concentrations of uranium in monitoring 
wells near this inactive facility were 85,000 pCi/L in 1985 (Delegard et al. 
1986; Baker et al. 1988). As with plutonium, there is no explicit EPA 
drinking-water standard for uranium, but the gross alpha standard of 15 pCi/L 
would apply (Jaquish and Bryce 1990). The uranium, which is normally not 
considered to be mobile in soil and ground water at the Hanford Site, becomes 
mobile by complexing (chemically combining) with carbonate. Remediation in 
the form of ground-water pumping and uranium removal by anion exchange (Baker 
et al. 1988) decreased the concentrations to near 2000 pCi/L during 1989 
(Jaquish and Bryce 1990). 

6.1.2 Radionuclide Movement in the 100 Areas 

Both the discharge of effluent associated with reactor operations and 
the migration of contaminants from the 200 Areas have contributed radio~ 
nuclides to the ground water beneath the 100 Areas. The primary radionuclides 
in the ground water from wastes associated with reactor operations are 
tritium, ruthenium-lOG, technetium-99, strontium-90, and cobalt-6~ (Jaquish 
and Bryce 1990). 

Early monitoring data for radionuclides in the 100 Areas are relatively 
sparse; however, the quantity of data increased with time. Published inter­
pretations of distributions of radionuclides in the 100 Areas are limited. 
However, the flow paths for radionuclides from the 100 Areas to discharge into 
the Columbia River are relatively short, compared with flow paths from the 
200 Areas. For example, Nelson (1964) estimated a range in travel time of 
60 to 120 days for N-Reactor ·coolant discharges to a crib in the 100-N Area to 
reach the Columbia River (less than 1/2 mi away). This analysis was performed 
with conductance paper electric analogs (digital computers were not widely · 
used at the time). 

Gamertsfelder (1946e) reported that active springs along the river banks 
near the 100-0 and 100-F Areas had maximum levels of gross beta emitters of 
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2.4xl0-4 and 1.7xl0-4 ~Ci/L (240 and 170 pCi/L), respectively. These springs 
were probably the result of ground-water and contaminant seepage from the 
retention basins near these operating reactors. According to Gamertsfelder 
(1946e), the concentration reported at the 100-F Area spring during February 
1946 was four times higher during the previous month. During the 1970s, gross 
beta emitters were detected in ground water in the 100-N Area (Kipp 1972, 
1973a, 1973b, 197S). 

More recently (1989), cobalt-60 was found in the ground water near the 
1325-N liquid-waste disposal facility in the 100-N Area in concentrations near 
the drinking water standard of 100 pCi/L (Jaquish and Bryce 1990). Antimony-
125 was observed in ground water in the 100-N Area up to 94 pCi/L (the 
drinking-water standard for antimony-125 is 300 pCi/ L). In addition, during 
1989, concentrations of strontium-90 were observed up to 23,400 pCi/L in the 
100-N Area (the drinking water standard is 8 pCi/L). Although these concen­
trations are high, the ground water in the 100-N Area is not used for drinking 
and discharges directly to the Columbia River. As described in Section 6.3, 
impacts to the Columbia River (determined by comparing upstream and downstream 
river concentrations of strontium-90 and other radionuclides) are small and do 
not contribute significantly to radiation doses to the public. 

6.1.3 Radionuclide Movement in the 300 Area 

Fuel fabrication wastes discharged to the ground are the source of radio­
nuclides in the ground water beneath the 300 Area. The primary radionuclide 
in ground water from operation of the 300 Area is uranium, but chromium-51, 
cobalt-60, and ruthenium-106 have also been detected (Kipp 1973a). 

Early ground-water monitoring efforts in the 300 Area were directed 
toward detection of radionuclides (gross alpha and gross beta emitters) in the 
wells used to supply sanitary (drinking) water for the area. Parker (1945) 
included a statement that during 1945 no pollution of well water by -radio­
active wastes was evident. Alpha contamination observed in the 300 Area was 
attributed to the presence of natural uranium. 
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Parker and Gamertsfelder (1945b) reported that during the week ending 
June 30, 1945, alpha contamination near the detection limit was observed in a 
well in the 300 Area. The radionuclide was identified as uranium. Concentra­
tions in the well decreased by the end of July 1945. Detectable concentra­
tions of gross beta emitters were observed in wells in the 300 Area 
(Gamertsfelder 1946a-j; Parker 1946a-c, 1947a-c). 

During the 1940s, uranium contamination continued to be detected in 
wells in the 300 Area and in Richland. Until July 1948, uranium concentra­
tions in the 300-Area wells ranged from 8 to 29 ~g/L (8xl06 to 2.9xl07 pCi/L) 
and were considered to be indicative of natural uranium in the ground water 
(Healy 1948). During 1948, concentrations of uranium in the 300 Area 
increased dramatically. Healy (1948) reported that during July 1948, the 
maximum uranium concentration in the 300 Area was 234 ~g/L, and the average 
uranium concentration for the same month was 103 ~g/L . Elevated concentra­
tions continued through the remainder of 1948; however, the reason for this 
increase was not known at the time. The use of wells in the 300 Area as a 
supply for drinking water was discontinued during December 1948 because of 
consistently detectable concentrations of uranium (30 to 65 ~g/L during 
October). The wells remained on the sampling and analysis schedule as test 
wells. 

Duri'ng 1949 and 1950·, uranium concentrations contin.ued to be above the 
detection limit in the 300 Area (Singlevich and Paas 1949b; Paas and 
Singlevich 1950a-d; Paas 195la). Uranium concentrations were reported as 
~Ci/L, rather than the ~g/L uni~s previously used. During 1951, the concen­
tration of uranium in one well in the 300 Area increased to a maximum of 
1400 ~Ci/L (1.4xl09 pCi/L) with an average of 633 ~Ci/L (6 .3xl08 pCi/L) (Paas 
195lb, 195lc; Paas 1952a). The well is located in the northern portion of the 
300 Area and the contamination was attributed to discharges to process ponds. 

By the 1970s, ground-water contamination observed in the 300 Area con­
sisted primarily of uranium, chromium-51, cobalt-60, and ruthenium-106. These 
radionuclides were attributed to disposal of low-level fuel processing wastes 
to two process ponds located in the northern portion of the 300 Area (Kipp 
1973a, 1973b). During 1972, a relatively high concentration of total beta was 
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reported for one well in the 300 Area (we11 399-3-8) and was attributed to 
leakage of waste solutions from a line (that was repaired) to the 340 Labora­
tory waste-handling facilities. 

The distribution of uranium beneath the 300 Area was interpreted for the 
first time in a monitoring report for 1986 (PNL 1987). The distribution of 
uranium in the 300 Area during 1987 is illustrated in Figure 6.43 . Subsequent 
monitoring reports indicated that the distribution of uranium in the aquifer 
in the 300 Area was similar to that observed during previous years (Jaquish 
and Mitchell 1988; Jaquish and Bryce 1989, 1990) . 

6.2 GROUND-WATER AND CONTAMINANT DISCHARGE TO THE COLUMBIA RIVER 

Ground-water and contaminant discharge to the Columbia River have been 
estimated both by simple calculations and direct monitoring of the river. 
Radionuclide (tritium) discharge to the river during 1989 was estimated and 
compared with past estimates (Section 6.2) and results of river monitoring 
(Section 6.3) . The calculation was made for the location where the tritium 
plume from the 200-East Area enters the river at the Hanford townsite. 

The approach used for the simple estimate of radionuclide (tritium) dis ­
charge to the Columbia River at the Hanford townsite was the same as that 
previously used by Prater et al . (1984): 

where Criver is the resulting radionuclide concentration in the river (pCi / L) 
CwelJ is the average radionuclide (or maximum and minimum) concentration 
in the ground water (pCi/ L) 
Q~ is the average ground-water discharge to the Columbia River (cfs) 
Qri~e' is the average (or maximum and minimum) flow rate of the river 
(CTSJ . 
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An average ground-water discharge to the Columbia River of 3 cubic feet 
per second (cfs) was assumed for a 5-mi length of the river at the Hanford 
townsite. This estimate of ground-water discharge to the river was based on a 
model by Kipp et al. (1972) of ground-water flow in the unconfined aquifer. 
The average flow rate of the Columbia River at Priest Rapids Dam during 1989 
was 99,400 cfs, with a maximum monthly flow of 158,000 cfs and a minimum 
monthly flow of 67,000 cfs (Jaquish and Bryce 1990). The average concentra­
tion of tritium measured in wells next to the river at the Hanford townsite 
during 1989 was 195,000 pCi/L, with a maximum of 242,000 pCi/L and a minimum 
of 66,900 pCi/L (Jaquish and Bryce 1990). Based on the average Columbia River 
flow rates and average ground-water concentrations, tritium concentrations in 
the river from ground-water discharge at the Hanford townsite were estimated 
to be 6 pCi/L. The minimum river flow rate (67,000 cfs) was combined with the 
maximum observed ground-water concentration (242,000 pCi/L) to provide a maxi­
mum concentration of approximately 11 pCi/L in the river. A minimum concen­
tration of 1 pCi/L in the river was estimated with the maximum river flow rate 
(158,000 cfs) and the minimum ground-water concentration (66,900 pCi/L). 
These numbers provide an estimate of the possible range of concentrations in 
the river resulting from ground-water discharge. 

In comparison to the calculated river concentrations, the average 
tritium concentrations measured in the Columbia River at Priest Rapids Dam and 
the Richland pumphouse during 1989 were 63 ± 5 and 129 ± 18 pCi/L, respec­
tively (Jaquish and Bryce 1990). The difference between upstream and down­
stream river concentrations, determined by Jaquish and Bryce (1990) to be 
statistically significant, was 66 pCi/L. Other contributions of tritium to 
the Columbia River along the Hanford shoreline occur from ground-water dis­
charges in the 100 Areas. Thus, accounting for the additional sources of 
tritium and errors in the reported measurements (Jaquish and Bryce 1990), the 
calculated concentrations in the river are in reasonable agreement with 
reported measurements. 

The first assumption for the ground-water discharge calculation was that 
the ground-water flow model used to estimate unconfined ground-water discharge 
to the Columbia River (Kipp et al. 1976) was properly calibrated and that the 
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discharge is correct. Calibration of the model of ground-water flow in the 
unconfined aquifer described by Kipp et al. (1976) was described in Cearlock, 
Kipp, and Friedrichs (1975). Even if the discharge estimate made with the 
model were off by an order of magnitude, the estimated concentration in the 
river would be far less than the State of Washington and EPA drinking-water 
standard of 20,000 pCi/L (EPA 1976). 

A second assumption is that the ground-water discharge is based on the 
entire saturated thickness of the aquifer. This means that all of the flow in 
the unconfined aquifer across the 5-mi length of river at the Hanford townsite 
was assumed to discharge to the river; and the tritium contamination, which 
has been demonstrated to be in the upper 30 ft of the aquifer (Eddy, Myers and 
Raymond 1978), was assumed to mix with the entire ground-water discharge. 
This assumption decreased the predicted river concentrations, but only 
slightly (3 cfs compared with 99,400 cfs average river flow). 

A third assumption was that the average flow of the Columbia River was 
used for the calculation. Variations of the Columbia River change both the 
ground-water and contaminant discharge; as river levels increase, both the 
ground-water discharge and radionuclide concentrations in wells next to the 
river decrease in response to influx of river water into the aquifer and ris­
ing ground-water levels. 

Finally, the concentrations in the river were calculated for the 
Richland pumphouse, the nearest downstream point at which drinking-water is 
drawn from the Columbia River. At this point, the tritium concentrations were 
assumed to be mixed with the entire flow rate of the river. 

Other estimates of ground-water discharge have been made at the Hanford 
Site. Based on the model of Kipp et al. (1976), Raymond et al. (1976) and 
Cline, Rieger, and Raymond (1985) report 100 cfs as the average discharge of 
the unconfined aquifer to the Columbia River over the entire Hanford Reach of 
the river. 

Prater et al. (1984) estimate tritium concentrations of approximately 
4 pCi/L in the Columbia River resulting from ground-water discharge to the 
river at the Hanford townsite during 1983. Their estimate was based on a 
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ratio of the ground-water discharge (3 cfs) to the flow rate of the river 
(130,000 cfs) and an average tritium concentration measured in the ground 
water of 173,000 pCi/L. By comparison, the average tritium concentration 
actually measured in the unconfined aquifer at the Hanford townsite during 
1983 was slightly lower and the average flow rate of the Columbia River was 
higher (Prater et al. 1984). However, these differences averaged out to 
provide nearly the same estimated contribution of tritium to the river. 

6.3 RIVER BANK SPRING MONITORING 

Several different studies have been conducted recently to characterize 
and monitor river bank springs discharging radionuclides to the Columbia River 
along the boundary of the Hanford Site. McCormack and Carlile (1985) summa­
rize initial investigation of the springs; Dirkes (1990) summarizes charac­
terization data for the spring discharges. 

Most of the springs are small, flow intermittently, and are influenced 
by bank storage. Bank storage occurs when river water flows into the river 
bank during periods of high river flow. The water is then slowly released 
back into the river when the river is low. Bank storage is common along the 
Columbia River boundary of the Hanford Site because operation of Priest Rapids 
and other dams upstream of the Hanford Site is highly variable on a daily and 
even an hourly basis (Jaquish and Bryce 1990). 

The interface between the ground water and Columbia River is complex and 
not well understood (Dirkes 1990). Seepage above the river level in river 
bank springs is considered to be a fraction of the total amount of ground 
water entering the river along the Hanford shoreline. The exchange of con­
taminants between the ground water and river through submerged seepage (below 
the river) is not well understood. 

6.3.1 Descriotion of River Bank Sorinq Monitoring 

McCormack and Carlile (1985) visually inspected the Hanford shoreline to 
locate springs and record their physical characteristics. Based on that 
inspection, selected springs were sampled and analyzed for tritium and 
nitrate. Dirkes (1990) represents a follow-up to the McCormack and Carlile 

6.75 



(1985) study. Springs previously identified by McCormack and Carlile (1985) 
were sampled and analyzed for gross alpha, beta, and gamma emitters as well as 
for tritium, nitrate, and various chemicals. In addition to the springs along 
the Hanford shoreline, Dirkes (1990) sampled and ·analyzed springs identified 
along the Franklin County side of the Columbia River. 

Within the 41 miles of Hanford shoreline covered by the visual inspec­
tion, McCormack and Carlile observed and documented 115 springs. Samples were 
collected from 41 of those springs and analyzed for tritium and nitrate. Sam­
ples were collected from 6 additional springs and analyzed for uranium and 
nitrate. Dirkes (1990) collected samples from 18 different springs. 

6.3.2 Summary of Results 

Tritium concentrations measured by McCormack and Carlile (1985) in 
springs along the Hanford shoreline ranged between 80 and 110,000 pCi/L. The 
maximum tritium concentrations of 38,000 pCi/L and 110,000 pCi/L were measured 
at the 100-N Area and the Hanford townsite, respectively. Uranium concentra­
tions up to 19 pCi/L were measured _ in springs in the 300 Area. 

During 1988, Dirkes (1990) measured gross beta, tritium, and 
strontium-90 in 100-Area springs and found concentrations that were above the 
applicable drinking-water standards. The maximum concentration of tritium 
measured in the 100-Area springs was 111,000 pCi/L, and the maximum measured 
concentration of strontium-90 was 7000 pCi/L. The applicable drinking-water 
standards are 20,000 and 8 pCi/L, respectively. Tritium concentrations up to 
155,000 pCi/L and technetium-99 up to 220 pCi/L were observed in springs at 
the Hanford townsite. The drinking-water standard for ·technetium-99 is 
900 pCi/l. 

Dirkes (1990) reported that samples from springs on the Franklin County 
side of the river showed concentrations at levels above those me~sured in the 
Columbia River. Uranium-234, -235, and -238 also were found in concentrations 
higher than those observed in the river. However, the Washington State Depart­
ment of Social and Health Services (WDSHS) determined that the uranium 
observed in ground water in Franklin County wa~ natural, rather than from the 
Hanford Site (WDSHS 1988). In addition, slightly elevated concentrations of 
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strontium-90 were measured in samples from two different irrigation return 
·canals in Franklin County, although the uncertainties associated with these 
results were large with respect to the measurements themselves. 

6.4 COLUMBIA RIVER MONITORING 

The Columbia River is used as a source of drinking water at onsite 
facilities and at communities located downstream of the Hanford Site (Jaquish 
and Bryce 1990). The river near the Hanford Site has been used for a variety 
of recreational activities, including fishing, hunting, boating, water skiing, 
sailboarding, and swimming. Water from the Columbia River is also used to 
irrigate crops downstream of the Hanford Site. 

The river has been monitored at a number of different locations since 
Hanford Site operations began. The ·scope of the river monitoring program was 
to determine the impacts of Hanford Site operations on the Columbia River and 
to measure concentrations of radionuclides in the river that may have reached 
public drinking-water systems downstream of the Site (Jaquish and Bryce 1990). 

6.4.1 Description of River Monitoring 

Samples of Columbia River water have historically been collected from 
various locations near the Hanford Site, including drinking-water supply sys­
tems for the cities of Richland, Pasco, and Kennewick. The City of Richland 
pumphouse is the first point at which river water is withdrawn for public 
drinking water. From the mid-1970s to the present, water samples were col­
lected from Priest Rapids Dam, the Vernita Bridge, White Bluffs, at the intake 
for the 300-Area water supply, and at various other locations in the Hanford 
Reach of the Columbia River between Priest Rapids Dam and McNary Dam. Water 
samples was collected from the river with composite sampling systems designed 
to collect a fixed volume at set intervals. 

6.4.2 Summary of Results 

The results of river monitoring were reviewed to determine if a contribu­
tion of radionuclides from ground-water discharge was detected. The single­
pass reactors whose cooling water was discharged directly to the river oper­
ated until 1972. N-Reactor, which had a protected cooling system designed to 
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keep radionuclides out of the cooli_ng water discharged to the river, operated 
until 1987. Environmental monitoring reports before 1972 are not summarized 
in this document because of the difficulty of separating radionuclides con­
tributed by ground water from those contributed by the single-pass reactors. 

In the annual environmental monitoring reports and in some of the 
ground-water monitoring reports before 1985, monitoring results for different 
radionuclides at locations upstream were compared with those for locations 
downstream of the Hanford Site. These comparisons have been made for tritium, 
uranium, strontium-90, and iodine-129 in the river. During this reporting 
period, concentrations of cobalt-60, cesium-137, and plutonium-239,240 in the 
river were also measured at upstream and downstream locations and then com­
pared. Concentrations of radionuclides in the Columbia River upstream of the 
Hanford Site are from residual weapons test fallout and natural radioactivity. 
The difference between upstream and downstream concentrations was assumed to 
be from Hanford Site operations. 

Although the tritium plume in the unconfined aquifer from the 200-East 
Area reached the Columbia River in 1977 (Myers 1978; Freshley and Graham 
1988), no difference between upstream and downstream concentrations was 
observed in the river until higher concentrations (greater than 100,000 pCi/L) 
reached the river. Beginning in 1986, the differences between monthly average 
tritium and iodine-129 concentrations at locations upstream and downstream of 
the Hanford Site were reported to be statistically significant (PNL 1987). 
Because none of the single-pass reactors were operating, the contribution of 
radionuclides to the downstream monitoring location at the Richland pumphouse 
was attributed to ground-water discharge at the 100-Area springs, the 
300 Area, and the Hanford townsite where the contamination plume from the 
200-East Area enters the river. The appearance of measurable concentrations 
of tritium in the river corresponds to arrival of higher concentrations of 
tritium (200,000 to 2,000,00~ pCi/L) from the 200-East Area at the river 
during 1985 (Price 1986). 

The average monthly differences of tritium and iodine-129 measured at 
locations upstream and downstream of the Hanford Site continued to be statis­
tically significant during 1987 through 1989 (Jaquish and Mitchell 1988; 
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Jaquish and Bryce 1989, 1990). Differences between tritium and iodine-129 
concentrations at upstream and downstream locations were also significant when 
compared annually (see Figures 6.44 and 6.45). Comparisons of uranium and 
strontium-90 concentrations at upstream and downstream locations were not 
statistically significant during this reporting period. 

From 1986 through 1989 when the differences between monitoring results 
at upstream and downstream were significant, the concentrations of tritium and 
iodine-129 in the river (Figures 6.44 and 6.45) were well below those that 
would result in doses exceeding the 4-mremjyr standard established by the 
State of Washington and the EPA for drinking water (Jaquish and Bryce 1990). 
In addition, concentrations of other radionuclides in the Columbia River, 
whether from Hanford or natural sources, were well below the State of 
Washington and EPA drinking water standards. Therefore, contributions to dose 
from all sources of radionuclides in the river, including ground-water 
discharges, were not significant. 
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In 1986, SEARCH collected water samples from the Columbia River to deter­
mine nitrate concentrations resulting from ground-water discharge near the 
Hanford townsite (Buske and Josephson 1986). They measured nitrate concen­
trations at partial transects (cross sections) in the river along an 852-ft 
reach of the river. Ground-water discharges were estimated for nitrate based 
on observed concentrations in springs located on the banks of the river and 
measured river velocities, depths, and nitrate concentrations. 

The USGS reviewed SEARCH's measurements and concluded that the results 
probably reflected release of bank storage water, rather than ground-water 
discharge from the unconfined aquifer (USGS 1987). Bank storage occurs when 
river water flows into the river bank during periods of high river flow . The 
water is then slowly released back into the river when the river is low. Bank 
storage is common along the shoreline of the Hanford Reach because operation 
of Priest Rapids and other dams upstream of the Hanford Site is highly varia­
ble on a daily and even an hourly basis (Jaquish and Bryce 1990). In 
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addit ion , the USGS concluded that the available geologic , hydrologic, and 
water chemi stry data neither confirm nor refute the existence of the 
hypotheti cal channel (USGS 1987) . However, the USGS stated that an 
alternative hypothesis to the channel is possible: broad areas of high 
permeability with local ground-water discharge near the Hanford townsite . 

6.5 GROUND WATER IN FRANKLIN COUNTY 

Concern has been raised regarding the potential for ground water on the 
Franklin County (east) side of the Columbia River to be contaminated with 
radionuclides of Hanford origin. A large capacity well, such as an irrigation 
well , might "pull " contaminated ground water under the river through one or 
more confined aquifers. During pumping, the hydraulic head around t~e wefl 
could be lowered enough to cause water to flow toward the well from across the 
river . 

To address this potential contamination, HEDR staff reviewed well 
records maintained by the State of Washington. The records show that approxi­
mately 100 privately owned wells are open to the confined aquifers in the area 
east of the Columbia River from the Hanford Site and within approximately 
12 miles of the Site boundary . Most of the wells are domestic wells for farms 
and houses . No large irrigation wells were identified . Irrigation wells are 
not common because in most of the area surface water is available for irriga­
tion through the Columbia Basin Irrigation Project. A few of the domestic 
wells serve more than one household because the wells are deep and the cost of 
installation is relatively high. One relatively large domestic well is 
located about 3 mi east of the river near Ringold. Information collected 
during a well survey (Converse Ward Davis and Dixon Inc. 1981) indicated that 
this well was equipped with a 20- to 25-hp submersible pump; the depth to 
water was about 300 ft . With this configuration, the well can probably pro­
duce a few hundred gallons per minute . This well was sampled as part of the 
BWIP offsite investigations described in Section 6.1 (IWG 1987). No signifi­
cant concentrations of radionuclides (primarily iodine-129) were observed. 

Work currently under way at PNL is designed to improve the characteriza­
tion of ground-water flow in the upper confined aquifers to determine the 
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potential for offsite migration of contaminants. As part of this effort, 
information from existing boreholes which penetrate the upper corifined aqui­
fers was compiled, and two new boreholes were drilled on opposite sides of the 
river near the Hanford townsite during 1990 and 1991. Current plans call for 
drilling additional boreholes and sampling over the next several years to 
determine if offsite migration of chemical and radiological contaminants 
through the confined aquifer system is occurring or is likely to occur in the 
near future . 

6.5.1 Effects of Irrigation 

Brown (1966) discussed the impacts to unconfined and confined aquifers 
within the Columbia Basin from irrigation in the Columbia Basin Irrigation 
Project, which began during 1950. In addition, he included observations of 
water-level changes resulting from Hanford operations and construction of 
Priest Rapids Dam and Wanapum Dam on the Columbia River upstream of the 
Hanford Site. The net result from operation of these facilities was to raise 
the water levels in the unconfined aquifers. Hydraulic heads in the uppermost 
confined aquifers beneath the Hanford Site also increased by recharge from the 
waste-water discharges where the upper confining basalt layer was eroded. On 
the north side of the Columbia River (north of the Hanford Site) in the 
Wahluke Slope area, the water levels in the unconfined aquifer rose in 
response to the Columbia Basin Irrigation Project operations to the east and 
to the Priest Rapids Dam pool to the west. 

Large-scale artificial recharge still occurs from agricultural irriga­
tion off the Hanford Site. Figure 4.10 illustrates water levels on both the 
Benton and Franklin County sides of the Columbia River and demonstrates the 
increased water-level elevations on the Franklin County (east) side of the 

. river (Bryce et al. 1991). Because of the large hydraulic gradient toward the 
river (decrease of 150M over less than 5 km), the unconfined aquifer on the 
Franklin County side discharges to the Columbia River. As previously 
described in Section 4.6.1, recharge from irrigation in the Cold Creek Valley 
enters the Hanford Site as ground-water flow across the western boundary of 
the Site (Jaquish and Bryce 1990). 
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6.5.2 Monitoring Results 

As previously described, elevated levels of uranium have been measured 
in a few domestic wells on the east side of the Columbia River (WDSHS 1988). 
Similarly, elevated concentrations of uranium have also been found in wells in 
other parts of eastern Washington, including the Okanogan Valley, southern 
Stevens County, and an area west of Spokane. The uranium in these areas was 
attributed to naturally occurring uranium minerals or to the use of fertil­
izers containing uranium (WO~HS 1988). However, the discovery of uranium in 
ground water near the Hanford Site prompted concern that contaminants might 
have moved across the Columbia River. A plume of uranium-contaminated ground 
water exists beneath the Hanford 300 Area (see Figure 6.44). This ground 
water is known to be entering the river in concentrations of about 20 to 
30 pCi/L (Evans et al. 1990). The plume is located about 4 mi from the area 
where the water supply wells were found to contain elevated uranium 
concentrations. 

The WDSHS conducted a follow-up study which included taking additional 
samples and analyzing them for tritium, cobalt-58,60, cesium-134,137, and 
strontium-90 (WDSHS 1988). None of these additional radionuclides were found. 
Therefore, the WDSHS concluded that water from the wells was in compliance 
with drinking water standards, although no limit has yet been established for 
uranium. It was also determined that the affected wells were upgradient from 
the contamination in the 300 Area and, therefore, could not be impacted by the 
uranium plume in the 300 Area. 

Water from one of the wells containing elevated concentrations of 
uranium was analyzed for three uranium isotopes: U-234, U-235, and U-238 
(WOSHS 1988). Naturally occurring uranium contains a~out 0.7% U-235 with 
nearly all the remainder being U-238. However, most of the uranium in the 
300 Area plume is enriched in U-235 because it originated from enriched 
reactor fuel. PNL also analyzed samples from the Franklin County well and 
found that the water contained 0.65% U-235 by weight, which approximately 
matches the natural isotopic ratio and indicates that the uranium did not 
originate from the enriched uranium plume in the 300 Area. 
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Some uranium with a natural isotopic ratio was also disposed to the 
ground in the 300 Area during the earliest years of Hanford Site operations. 
This uranium affects ground water to the south of the more concentrated plume 
of enriched uranium (Evans et al. 1990). The maximum concentration of uranium 
with the natural isotopic rat io found in some of the 300 Area wells is 
approximately the same or a l i ttle less than the concentrations found in the 
Franklin County water supply wells. Dispersion would be expected to dilute 
the concentration considerably if the uranium were moving offsite. So, even 
if there were an apparent hydraulic path to the water supply wells, it is 
unlikely that the concentrations of natural uranium found in the water supply 
wells could have a source in the 300 Area where concentrations are about the 
same. This was an additional reason that WDSHS presented for concluding that 
the 300-Area plume did not affect the water supply wells in Franklin County. 

Samples of well water were collected by PNL and analyzed from 5 offsite 
domestic wells in 1988 and 4 wells in 1989 (Jaquish and Bryce 1989, 1990). 
The wells are located in Franklin County east of the Hanford Site (Fig-
ure 6.46). Samples were collected quarterly from the wells and analyzed for 
gross alpha, gross beta, trit i um, iodine-129, and uranium-234,235,238. Ele­
vated gross alpha and gross beta concentrations are attributed to elevated 
concentrations of natural uranium present in the area. The general levels of 
radionuclides, including iodine-129, were comparable with concentrations 
reported by WDSHS (1988) and were within the applicable drinking-water 
standards. 

6.6 RADIATION DOSES FROM OFFSITE MIGRATION 

Radiation doses from the offsite migration pathway were assessed by 
review of published dose estimates . . The two primary ground-water pathways for 
which dose calcu,.ations have been published are from radionuclide discharge to 
the Columbia River and from consumption of ground water from wells in Franklin 
County. 

Calculations of radiation dose were made based on the diff~rence in 
average radionuclide concentrations measured in the Columbia River upstream 
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and downstream of Hanford (Jaquish and Bryce 1990) . The difference between 
the upstream and downstream river concentrations was large during 1989 
compared with other years; this difference was attributed to seepage 
(discharge) of contaminated ground water from the Hanford Site . The effective 
dose equivalent attributable to the differences in the annual average 
concentrations of tritium, technetium-99, and iodine-129 in the river during 
1989 was estimated to be 0.02 mrem effective dose equivalent , compared with 
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the EPA dose limit of 4 mrem/yr. Because the contribution of radionuclides to 
the river from ground water was smaller during previous years , the dose 
estimated for 1989 represents a maximum. Thus the average dose attributable 
to discharge of radionuclides in Hanford Site ground water to the Columbia 
River was small over the full study period. 

The radiation doses from wells in Franklin County from radionuclides of 
Hanford Site origin have been assessed by several different means. First, the 
concentrations of iodine-129 and other radionuclides in ground water from 
domestic wells in Franklin County are well below all applicable EPA drinking­
water standards, which allow an annual dose of 4 mremjyr (Jaquish and Bryce 
1989, 1990) . Second, results of the WDSHS investigation (1988) demonstrated 
that the uranium found in Franklin County wells was of natural origin and not 
from the Hanford Site. Therefore, the dose from migration of radionuclides 
from the Hanford Site to wells in Franklin County was well below the EPA limit 
of 4 mremj yr. 
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7.0 HANFORD SITE WELL PATHWAY 

The Hanford Site well pathway consists of wells on and adjacent to the 
Site that were used for water supply. A number of ground-water wells on the 
Hanford Site have been used to supply drinking water. Currently, ground-water 
wells are used to supply drinking water at remote locations such as the 
Hanford Patrol Training Academy and the PNL Observatory on Rattlesnake 
Mountain. A few wells near the Hanford Site are currently used to supply 
drinking water; the closest offsite location of drinking-water withdrawal is 
the backup well system for the City of Richland. 

7.1 DRINKING-WATER SYSTEMS AT THE HANFORD SITE 

Drinking water at the Hanford Site is obtained from both the Columbia 
River and ground water. Ground water has been used as a source of drinking 
water at a number of DOE facilities on the Hanford Site (Figure 7.1). The 
individual systems supplying this water generally consist of a .raw water 
supply, treatment facilities, and distribution piping. The total number of 
systems has varied with time, but during 1989, 15 individual drinking water 
systems were used (Thurman 1990). The current drinking-water systems at the 
Hanford Site, including those supplied by water from the Columbia River, are 
summarized in Appendix B. All of the systems were operated by DOE contractors 
except for the City of Richland municipal system, which provides water to the 
areas in the southern portion of the Hanford Site. During 1989, ten of the 
systems used Columbia River water as a raw water source; four systems used 
ground water; and one system used a combination of the two. 

During early operation of the Hanford Site, ground water was used as a 
drinking-water supply at several locations: the 300 Area, the Hanford town­
site, Columbia Camp, the Pistol Range, and White Bluffs. The use of wells in 
the 300 Area as a supply for drinking water in the 300 Area was discontinued 
during December 1948 because of consistently detectable concentrations of 
uranium (30 to 65 ~g/L during October). The wells remained on the sampling 
and analysis schedule as test wells (Healy 1948) and were used as backup to 
the supply from the Columbia River until 1978 (Maas 1979). 
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were performed varied over time, but tritium, uranium, iodine-131, 
strontium-90, cobalt -60 , zinc-65, and cesium-137 are included . Doses from the 
different radionuclides in drinking water at the Hanford Site are not included 
in the HEHF reports . Concentrations of the different radionuclides in drink­
ing water at the Hanford Site were compared with current EPA and State of 
Washington drinking-water limits (EPA 1976). The drinking-water limits may 
have been different or nonexistent in the past for certain radionuclides such 
as uranium. 

Raw water supplies (untreated) were sampled where multiple treatment 
facilities or extensive distribution systems were served by a single water 
source . These were mainly systems that used Columbia River water as the water 
source . In other cases with a single source and distribution system, the 
finished or treated water was sampled. Most of these single source and 
distribution systems were for ground water wells. Samples were collected from 
wells primarily as monthly grab samples (Maas 1977; Thurman 1990). Several of 
the samples, notably at the 300-Area well and the 615 building, were collected 
as weekly cumulative samples. The cumulative samples from these systems were 
based on automatic collection of 30 ml of water every 30 min to provide a 
weekly integrated sample. 

Radiation dose equivalents (for a year of intake) resulting from expo­
sure to radionuclides in drinking water on the Hanford Site are calculated 
each year and are summarized in the HEHF reports . The doses are calculated 
for occupational exposure based on a 40-hr work week and a 220-L/ yr intake 
(Thurman 1990) . Thus, impacts to occasional visitors to FFTF would be far 
less than the calculated doses to workers. In comparison, the EPA standard 
for normal exposure to drinking water contamination is based on a 168-hr week 
residency and a 730-L/ yr intake. 

7.3 MONITORING RESULTS 

Results of the early ground-water monitoring showed that concentrations 
were at or below the detection limits, which are summarized in Section 5.2.3 
(Parker 1945 ; Parker and Gamertsfelder 1945b; Gamertsfelder 1946a-j; Parker 
1946a-d, 1947a, 1947b; Healy 1948) . Wells in the 300 Area continued to have 
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concentrations of radionuclides at and near the detection limit. Until July 
1948, uranium concentrations in the 300-Area wells were considered to be 
indicative of natural uranium in the ground water. In mid-1948 , concentra­
tions of uranium in the 300 Area wells increased dramatically, as described in 
Section 6.1.3. 

Of the drinking-water systems that HEHF monitors at the Hanford Site, 
only two have shown detectable concentrations of radionuclides: uranium at 
the well providing backup drinking water to the .300 Area, and tritium and 
iodine-129 in the well supplying drinking water at the FFTF . In the 300 Area, 
observations of tritium and uranium during 1977 were 720 and 36 pCi/L, 
respectively , compared with the drinking-water limit of 20,000 pCi/L for 
tritium. There is no established drinking-water limit for uranium, other than 
concentrations that result in a 4 mrem/yr dose. The average uranium concen­
tration during 1977 resulted in a dose of less than 0. 1 mrem. As noted 
previously, use of the 300-Area well as backup was discontinued in 1978 . 

The only drinking water from a ground water source at the Hanford Site 
that is currently accessible to the public is at the FFTF Visitor Center. The 
original wells supplying the drinking water for the FFTF were drilled in 1972 
(McGhan, Mitchell, and Argo 1985) . An additional well, currently the main ~ 

water supply well , was drilled in 1985 and first used in 1986 (Somers 1987) . 

Monitoring results for radionuclides in the FFTF ' s water supply are 
summarized in Table 7.1. The concentrations of tritium in the drinking-water 
supply at the FFTF over time are illustrated in Figure 7.2. The highest 
reported tritium concentration of 51,000 pCi/L resulted in a calculated dose 
of 1 mrem/yr, based on the nccupational exposure that is described in Sec­
tion 6.2 of this report . Changes in the trend of concentrations over time 
result from stratification of contamination in the upper portion of the 
unconfined aquifer and from use of wells drilled to different dep~hs in the 
aquifer . As reported by Eddy , Myers, and Raymond (1978), concentrations are 

7.5 



TABLE 7.1. Summary of Monitoring Results for the Water Supply at the FFTF 

~ 
1976 1.2 

Alpha 

19n o.88 
1978 0.96 t 0.93 
1979 0.54 t 0.37 
1980 0.72 t 0.91 
1981 1.1 t 0.31 
1982 0.50 t 0.81 
1983 7.9 t 1.0 
1984 0.53 t 0.27 
1985 0.52 t 0.38 
1986 0.46 t 0.31 

1987 0.05 t 0. 12 
1988 -0.02 t 0.29 
1989 0.12 t 0.10 

~ Strontium-90 

1976 NR(b) 

19n • 
1978 <0.60 
1979 0.06 t 0.11 
1980 0.04 t 0.34 
1981 0.08 t 0.07 
1982 0.16 t 0.37 
1983 NR 
1984 0.063 t 0.047 
1985 0.12 t 0.10 
1986 0.08 t 0.04 
1987 0.01 t 0.02 
1988 -0.0005 t 0.009 

1989 -0.008 t 0.005 

Beta 
<8 

8.8 
<7.1 

8.5 t 3.9 
7.3 t 7.6 

6.4 t 3.1 
8.5 t 7.4 
5.1 t 6.6 
9.0 t 4.8 

10.0 t 2.51 
7.7 t 2.2 
7.2 t 2.2 
8.0 t 1.5 
6.0 t 0.5 

lodine-131 

NR 

* 
* 

0.07 t 0.42 
0.01 t 0.57 

NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

Tritium 
49,000 t 27,000 
51,000 t 25,000 
48,000 t 22,000 
27,000 t 19,000 
35,000 t 20,000 
39,854 t 5,537 
18,000 t 6,500 

25,000 t 19,000 
29,000 t 5,600 
21,800 t 1,800 
8,500 t 12,700 
4,100 t 2,400 
7,290 t 2,980 
8,280 t 1,080 

Radium-226 

NR 
0.15 

<0.05 
0.05 t 0.06 
0.05 t 0.08 
0.06 t 0.02 

NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

Cobalt-60 
.ca> 

* 
* 

0.96 t 1.6 
1.20 t 2.6 
1.60 t 0.63 

NR(b) 

NR 
NR 
NR 
NR 
NR 
NR 
NR 

Radium-228 

NR 
0.46 
0.35 
0.26 t 0.25 
0.45 t 1.4 
0.10 t 0.06 

NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

(a) Asterisk denotes a reported value that is less than the detection limit. 
(b) NR denotes "not reported." 
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Zinc-65 

* 
* 
* 

0.45 t 3.7 
0.11 t 4.8 
0.26 t 0.3 

NR 
NR 
NR 

NR 
NR 
NR 
NR 
NR 

Technetium-99 

NR 
NR 
NR 

0.47 t 6.6 
7.5 t 5.2 

NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

Cesium-137 

* 
* 
* 

0.82 t 13.1 
0.34 t 2.1 
0.07 t 0.13 

NR 
NR 
NR 

NR 
NR 
NR 
NR 
NR 

Ruthenium-106 

NR 
NR 
NR 

1.4 t 2.0 
0.45 t 6.2 

-0.78 t 1.8 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
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FIGURE 7.2. Concentration History of Tritium in Drinking Water at FFTF 

higher near the top of the unconfined aquifer. After construction of the 
latest well in 1985, which is open to only the lower part of the unconfined 
aquifer, tritium concentrations in the water supply dropped to below 
10,000 pCi/L. The concentration of tritium in this well is increasing 
slightly, but is still below the current EPA drinking-water limit of 
20,000 pCi/L. 

The concentrations of iodine-129 in the drinking-water supply at the 
FFTF over time are illustrated in Table 7.2. Before 1987, iodine-129 concen­
trations in the ground water at the FFTF were not reported. During 1989, one 
sample of FFTF drinking water was analyzed for iodine-129. The reported 
concentration of iodine-129 was 0.005 pCi/L, well below the 1.0 pCi/L level 
that would result in a dose of 4 mrem/yr (Thurman 1990). 
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TABLE 7.2. Concentrations of Iodine-129 Reported 
in Drinking Water at the FFTF 

Iodine-129 
Concentration 

Year (pCi/L) 
1987 0.01 
1988 0.005 
1989 0.06 

Myers, Fix, and Raymond (1977) reported concentrations in wells supply­
ing drinking water during construction of WNP-2. These concentrations, along 
with the guidelines established by ERDA for drinking water, are shown in 
Table ·7.3. Based on ingestion of 1 L/day, 5 day/wk, and 50 wk/yr, the annual 
dose from tritium in drinking water at Supply System was calculated to be 
4 mrem (Myers , Fix, and Raymond 1970), which is the current EPA dose limit for 
drinking water). However, as previously described, use of ground water to 
supply drinking water at the Supply System facility was discontinued in 1981. 

Wells in the unconfined aquifer adjacent to the Hanford Site that could 
have been affected by radionuclides of Hanford origin are the water supply 

TABLE 7.3. Radionuclide Concentrations in Drinking Water at the WNP-2 
Construction Site During 1976 (from Myers, Fix, and 
Raymond 1977). 

Concentration ~~i£Ll 
ERDA 

Nunber of Detection Concentration 
-Radionucl ide Sanples Limit (~i/U Maxi nun Mini nun Average Guide 

Alpha 3 0.3 4 3 4 30 

Beta 52 5 11 (a) <6 30 

Triti\Jil 12 300 310,000 18,000 140,000 3,000,000 

Cobalt-60 12 30 (a) (a) (a) 30,000 

CeSi\JI1·137 12 30 (a) <a.> (a) 20,000 

Radi\JI1·226 2 0.05 0.09 0.08 0.09 30 

Radi\JI1·228 2 0. 1 0.4 0.3 0.4 30 

(a) Less than detectable concentration. 
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wells for the city of Richland (Bryce and Goodwin 1989). These wells (Fig­
ure 7.3) are used only as backup to the primary system, which uses water 
withdrawn directly from the Columbia River during periods of peak demand and 
for maintenance of the primary water supply system. The wells are recharged 
by basins (Figure 7.3}, which receive water pumped from the river . Recently , 
five wells were drilled adjacent to the Richland well field to monitor the 
unconfined aquifer for contamination resulting from operations at maintenance 
facilities for the Hanford Site, which are immediately upgradient of the well 
field. Most of the concern for contamination was with chemical contaminants 
from spent battery acid, antifreeze, motor oils, solvents, degreasers, paints, 
and paint thinners . Water from these wells was also screened for possible 
radiological contaminants by sampling and analyzing for tritium. For all of 
the wells sampled , the analytical results were less than the 300 pCi/L 
detection limit for tritium during 1989 (Jaquish and Bryce 1990). 
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of Richland Well Field (after Bryce and Goodwin 1989) 
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8.0 RIPARIAN WELL PATHWAY 

Use of riparian wells located next to the Columbia River has been 
identified as a possible pathway for radionuclides originating at Hanford to 
have reached populations or individuals downstream from the Hanford Site. 
Some or all of the water from riparian wells came from the river, which has 
received radionuclides discharged from Hanford operations in varying amounts 
since 1944. 

The possible radiation doses resulting from use of water from riparian 
wells were estimated. However, the only direct radionuclide monitoring data 
available for riparian wells is from sampling of the Kennewick water supply, 
which mainly comes from riparian wells. (Because the wells were near recharge 
basins, which elevated the water table, wells for the City of Richland were 
not considered to be riparian because they would not have pumped river water.) 
For other individuals using riparian wells, the radiation dose from direct use 
of Columbia River water were taken as an upper limit because the river is the 
source of Hanford radionuclides trans-ported to riparian wells. The distribu­
tion of radiation doses resulting from use of river water is being determined 
under the "Cqlumbia River Pathway" portion of the HEDR Project. Lower radio­
nuclide concentrations were expected in riparian wells than in the Columbia 
River because of a number of factors identified in Section 8.1 of this report. 

8.1 FACTORS AFFECTING IMPACT FROM RIPARIAN WELLS 

The impact to humans in terms of radiation dose that might have been 
received from use of a riparian well along the Columbia River depends on the 
following factors: 

concentration of radionuclides in river water 

percentage of river water versus uncontaminated ground water pumped 
from the riparian well 

the effects of filtration, sorption and radioactive decay as the 
water moves through the aquifer toward the well 

uses of the well water. 
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Each of these factors is discussed separately in this section of the report. 

8.1.1 Concentration of Radionuclides in River Water 

To estimate the impacts of using water from riparian wells, results from 
surface-water calculations performed during Phase I of the HEDR Project were 
used. As previously described, direct radiological monitoring data for 
riparian wells are limited. Thus, an estimate of impacts was extrapolated 
from calculated radiation doses for Phase I . These Phase I dose estimates are 
based on measured and estimated concentrations of radionuclides in the 
Columbia River. 

During Phase I of the HEDR Project, radiation doses were calculated for 
the Columbia River pathway between the Hanford Site and McNary Dam for the 
period 1964 through 1966 (PNL 199lb). The 1964 through 1966 period was 
selected because 1) the greatest number of reactors at the Site were operating 
at the highest power levels, resulting in the highest concentration of. radio­
nuclides in the river; and 2) better radionuclide monitoring data for the 
Columbia River were available for the 1964 through 1966 period than for 
previous years (PNL 199lb). Concentrations of radionuclides from Hanford 
operations were expected to be high in the Hanford reach of the river because 
it is the closest downstream from the operating reactors . 

. For the Phase I area and time period, eight radionuclides were con­
sidered where calculating dose estimates for the Columbia River pathway: 
phosphorous-32 , zinc-65, arsenic-76, neptunium-239, sodium-24, manganese-56, 
copper-64, and chromium-51. These eight radionuclides account for more than 
80% of the expected dose to maximally exposed individuals (Napier 1991). How­
ever, because they have relatively short half-lives, these radionuclides may 
become relatively less important at locations farther downstream.(al 

Radionuclide concentrations used in the Phase I dose calculations for 
the C~lumbia River pathway were taken directly from historical documents or 
were calculated. The historical documents that provided the monitoring data 
include Wilson and Foster (1964), Foster and Wilson (1965), Foster et al. 

(a) The half-life of seven of these radionuclides ranges from 0.11 to 
28 days; the half-life of the eighth is 245 days. 

8.2 



include Wilson and Foster (1964), Foster and Wilson (1965), Foster et al. 
(1966), and Honstead and Essig (1967). During the period 1964 through 1966, 
monthly samples of raw river water were collected at the Hanford Site and at 
Richland and Pasco. Samples of treated drinking water were collected from 
Richland, Pasco, and Kennewick water supplies . These samples were analyzed 
for all of the above radionuclides except manganese-56 (2 .6-hr half-life) . In 
addition , weekly monitoring data for four of the radionuclides were available 
for McNary Dam. The concentrations of other radionuclides for which no 
monitoring data were available were estimated with simple calculations (PNL 
1991b). The distribution of manganese-56 in the river was calculated, as were 
the distributions of the other radionuclides between monitoring points (PNL 
1991b). Preliminary distributions of radiation doses from drinking treated or 
untreated Columbia River water were calculated on the basis of the determined 
radionuclide concentrations (PNL 1991b). 

8.1.2 Percentage of River Water from a Riparian Well 

Part or all of the water drawn from a welT near the Columbia River may 
come from sources other than the river, sources such as precipitation on 
adjacent watersheds or ground-water flow from aquifers not connected with the 
river . For a riparian well completed in a shallow aqu ifer next to the 
Columbia River, the percentage of river water pumped from the well depends on 
the 

elevation of static hydraulic head in the well 
elevation of the river surface 
pumping rate and duration 
distance from the river 
hydraulic properties of the aquifer. 

A detailed hydrogeologic analysis of each riparian well would be needed 
to accurately determine the relative percentages of river water and 
uncontaminated ground water pumped from the well . A detailed analysis was not 
performed because conditions would vary from well to well and in response to 
operation of the well. 
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Water will be drawn from the river only if the water level (hydraulic 
head) in the well during pumping is lower than the elevation of the river 
surface or if the river level increases above the ground-water level. In most 
areas along the Columbia River, the hydraulic head of the ground-water system 
adjacent to the river is higher than that of the river, and ground water flows 
into the river under natural conditions. An example of this is the water 
table in the unconfined aquifer at the Hanford Site and in Franklin County 
(see Figure 4.10). A pumping well could reverse the direction of flow, i .e. , 
cause water to flow from the river to the well by drawing down the aquifer so 
its hydraulic head is lower than that of the river. As pumping continues, a 
greater percentage of water would come from the river . It is also possible 
that a well might draw in river water only at the end of a long pumping cycle. 
The ground-water flow system near the river is also affected by changes in 
elevation of the river surface. River surface elevations are changed both by 
the operations of hydroelectric dams and by seasonal flow variations. 

8.1.3 Effects of Filtration , Sorption, and Radioactive Decay 

Filtration, sorption, and radioactive decay are processes that influence 
the concentration of radionuclides in ground water. These processes also 
influence the concentration of radionuclides that move from the Columbia River 
to riparian wells. 

Suspended particles in the Columbia River contain some of the radio­
nuclides that originated at Hanford (PNL 1991b). Radioactive particles in the 
river result from precipitation of dissolved rad~onuclides and sorption (bind­
ing) of radionuclides onto river sediment, as well as from direct release from 
the once-through cooling reactors. As these particles move in a shallow aqui­
fer toward a riparian well, they are removed by filtration in the aquifer. 
Ftltration occurs because ground water flows through pore spaces in sediments 
that make up an aquifer. These pore spaces will preclude all but the smallest 
particles from traveling very far. Radionuclides may also be taken up by 
biota (NCRP 1984) that may not survive in the ground water. 
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Radioactive decay reduces radionuclide concentration. The amount of 
reduction depends on the time required to reach the well from the river and 
the half-life of the radionuclide. Travel time from the river to different 
wells may vary greatly, depending on distance from the river to the well, the 
hydraulic properties of the aquifer (ability to transmit water}, the pumping 
rate of the well, and the extent to which the radionuclide is sorbed in the 
aquifer. Dissolved radionuclides, particularly cations, may be sorbed by 
minerals forming the solid matrix (i.e., sand and/or clay) of the aquifer as 
ground water flows through the aquifer toward a riparian well . Sorption will 
cause the radionuclide to travel more slowly than the average ground water 
velocity (Freeze and Cherry 1979), and the concentrations in the well will be 
further reduced by radioactive decay. 

The maximum limit for the concentration of radionuclides from a riparian 
well is probably similar to that of treate~ (filtered) river water from the 
same location. Filtration, sorption, and radioactive decay reduce radio­
nuclide concentrations during flow to a riparian well and during water treat­
ment. In addition to reduction of concentrations by filtration, sorption, and 
radioactive decay, radionuclide concentrations in water from a riparian well 
would be diluted with uncontaminated ground water. 

8.1 .4 Use of Water from Riparian Wells 

The dose that humans may have received from water from a riparian well 
varies because of different exposure pathways. The possible exposure pathways 
include ingestion (drinking water or consuming irrigated crops), inhalation 
from showering, and direct dermal (skin) contact (PNL 1991b) . However, there 
is little information available on use of water from riparian wells along the 
Columbia River. 

Potential radiation doses were estimated only for drinking water from 
riparian wells . Irrigation may have also been pathway because certain 
radionuclides may have been taken up by plants and concentrated in plant 
tissues or in animals eating the plant matter (NCRP 1984). Such uptake would 
increase the radiation doses from irrigating with water from riparian wells 
along the Columbia River. The potential dose from irrigating with Columbia 
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River water was not included in the Phase I dose calculations for the Columbia 
River pathway (PNL 1991b). The significance of irrigation will be determined 
as part of ongoing work on the Columbia River pathway. 

8.2 RADIATION DOSES FROM USE OF RIPARIAN WELLS 

According to the City Engineer, Kennewick pumps approximately 80% of its 
water from a well 400 ft from a lagoon fed by the river and 800 ft from the 
river itself; another 10% of the water is pumped from a well 10 ft from the 
river; and the remaining 10% is pumped directly from the river and treated. 
Therefore, it was assumed that nearly all the water for Kennewick comes from 
the river and that the wells are riparian. 

The median radiation dose Kennewick residents received was about 10 mrem 
effective dose equivalent from 1964 through 1966 (PNL 1991b). The median 
doses received from drinking treated Columbia River water at Richland and 
Pasco during this period were 33 mrem effective dose equivalent and 22 mrem 
effective dose equivalent, respectively. In comparison, the dose from natural 
background radiation (including radon) is about 300 mrem/yr in the Tri-City 
area, or about 900 mrem over the 3-year period. Therefore, the 3-year median 
dose to Kennewick residents from drinking water from riparian wells was about 
1% of average background radiation. The median doses to Richland and Pasco 
residents from drinking treated river water were 33 and 22 mrem effective dose 
equivalent, or about 3% and 2% of average background radiation, respectively. 

The lower doses at Kennewick may be partially attributed to the fact 
that the Yakima River enters the Columbia River about 6 mi upstream from 
Kennewick's riparian wells. Water from the Yakima may "push" the Columbia 
River water away from the bank and dilute the concentrations of radionuclides 
on the Kennewick side of the river. 

The radionuclide concentrations in downstream riparian wells used by 
other communities and individuals are expected to have been lower than the 
concentrations in treated Columbia River water used by Richland. Additional 
travel time and radioactive decay in the river, sorption of radionuclides onto 
river sediments , and dilution by tributaries and ground water entering the 
river reduced the river water concentrations. In addition, radioactive decay, 
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dilution, sorption, and filtration in the ground water further reduced the 
concentrations in riparian wells. The median expected drinking water dose for 
riparian wells was therefore less than 33 mrem/yr effective dose equivalent, 
3% of the dose from natural background radiation. 
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9.0 WATERSHED PATHWAY 

Deposition of airborne radionuclides on ground-water recharge areas, 
subsequent transport through ground water in small watersheds (surface-water 
and ground-water drainage basins), and then discharge to wells and springs was 
identified as a possible pathway by which offsite populations or individuals 
might have been exposed to past releases- of radionuclides from the Hanford 
Site (Appendix A). This process will be referred to as the watershed pathway. 
For this pathway, the radionuclides deposited on the recharge areas were 
assumed to be dissolved by infiltrating water and then carried through ground 
water to a well or spring. Individuals or populations who used the well or 
sprtng for drinking water would have been exposed to the radionuclides. 

9. 1 APPROACH AND ASSUMPTIONS 

To evaluate the radiation dose that a person drinking ground water in 
the watershed pathway might have received, a scenario was developed in which a 
hypothetical spring supplied drinking water and all of the spring's watr came 
from recharge within a small watershed. Such a scenario is possible in some 
areas near the Hanford Site. Springs that discharge ground water collected in 
small recharge areas exist on the slopes of Rattlesnake Mountain and the 
Saddle Mountains (Gephart et al. 1979) . 

The largest radionuclide releases to the atmosphere at the Hanford Site 
occurred during the early years of operation and originated from the chemical 
separation of irradiated fuel (PNL 1991a) . The expected average deposition 
rate of radionuclides on the hypothetical watershed was determined for 1945, 
the year of highest deposition, based on Phase I air-transport calculations 
(PNL 1991c) . The resulting concentrations of radionuclides in water from the 
hypothetical spring were then calculated, as discussed below, and the effec­
tive dose equivalent from drinking the water was determined. 

Because this analysis is not based on an actual case, the results should 
not be interpreted as a prediction of the radiation dose actually recieved by 
any person or group. The analysis is intended to estimate the magnitude of 

9.1 



the "worst case" radiation dose that might be expected through such a pathway. 
Therefore, several assumptions have been made which tend to overestimate the 
concentration of radionuclides in the spring water : 

The watershed is located in HEDR Census Division BEl, which was an 
area of relatively high iodine-131 deposition, according to the 
Phase I atmospheric transport calculations. 

Other radionuclides are deposited on the watershed in proportion to 
the deposition of iodine-131. predicted as part of the HEDR Phase I 
atmospheric transport pathway. 

All of the radiGnuclides deposited on the watershed are "washed­
off" by precipitation and dissolved in the infiltrating ground 
water. 

No radioactive decay of radionuclides occurs during atmospheric 
transport and before infiltration. 

The concentrations of radionuclides are not dispersed during 
transport through either the unsaturated zone or the aquifer. 

The radionuclides are not diluted by mixing with uncontaminated 
ground water. 

The average travel time for ground water in the watershed is 
1 year . 

As noted, these asstim~tions result in a "worst case" estimate. In 
reality , some deposited radionuclides would probably be insoluble or would be 
sorbed by particles in the soil. Also, during the period between deposition 
and infiltration, decay would reduce the concentration of radionuclides with 
short half-lives. These periods could be several months in the semiarid cli­
mate of southeastern Washington State. Radionuclide transport would be fur­
ther reduced by dispersion in the unsaturated zone and ground water. The 
assumed average travel time of 1 year through the ground water is probably 
short for some of the flow paths to springs on Rattlesnake Mountain . A longer 
travel time would result in lower radionuclide concentrations at the spring 
because the radionuclides would be decaying. Also, the concentration of 
radionuclides would probably be reduced by mixing with uncontaminated ground 
water in the aquifer. 
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9.2 WATERSHED DEPOSITION CALCULATIONS 

The first step in the analysis was to determine the deposition rate at 
the watershed location for each of the radionuclides released during 1945. As 
part of the Phase I air pathway calculations, normalized releases in Ci/y were 
determined for each of the radionuclides present in the processed fuel. The 
deposition of iodine-131 from the atmosphere in each of the HEDR census divi­
sions was also determined during Phase I through atmospheric transport model­
ing . It was assumed that the ratio of deposition rate to release term was the 
same for each radionuclide. In reality, iodine deposits more readily than 
other radionuclides considered in the watershed pathway, so this assumption 
results in more deposition than would actually occur. The deposition rate for 
each radionuclide was calculated from the deposition of iodine-131 as 

where D 3 average deposition rate for the radionuclide of interest 
(pCi/m2yr) 

R =normalized release term to the atmosphere for the radionuclide 
of interest (Ci/yr) 

Diodine-131 = average atmospheric deposition rate of iodine-131 (pCi/m2yr) 
Riodine-131 .,. normalized atmospheric release term for iodine-131 (Ci/yr). 

To calculate the initial concentration of each radionuclide in infiltrat­
ing water, the deposition rate was divided by the rate of water infiltration: 

D A •-
0 q 

where q is the rate of water infiltration (m/yr). The rate of water infil­
tration was assumed to be 3.5 cm/yr (0.035 m/yr) based on work by Gutknecht 
et al. (1980). To determine the travel time through the unsaturated zone to 
reach ground water, the assumed depth to ground water, 10 ft (3m), was 
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divided by the velocity of the infiltrating water, which is the water infil­
tration rate (0.035 m/yr) divided by an assumed moisture content (0.10) 

where tvz = travel time to reach the ground water (m/yr) 
d = distance from surface to the ground water (m) 
6 =soil moisture content (cm3/cm3

). 

The resulting travel time through the unsaturated zone was 8.7 years. With an 
assumed travel time of 1 year in the ground water, the total time required for 
radionuclides deposited on the watershed to reach the spring was 9.7 years. 
The only factor considered to reduce the concentration was radioactive decay 
during the assumed 9.7-year travel time to the spring. Therefore, the concen­
tration of each radionuclide at the spring was calculated from 

A = A e(-t (0.693/t1; 2)) 
0 

where A= radionuclide concentration at the spring (pCi/L) 
A

0 
= the initial concentration of the radionuclide (pCi/L) 

in infiltrating water 
t = travel time (years) 

t 112 = half-life of the radionuclide in years. 
To screen the list of possible radionuclides, the concentrations in the spring 
were first calculated assuming none of the radionuclides were sorbed on soil 
in the unsaturated zone or the geologic formations within the aquifer. The 
results of this screening calculation are given in Table 9.1. The results 
indicate that ruthenium-106 is the only radionuclide that arrives at the 
spring in concentrations close to its drinking-water standard, which is 

30 pCi/L (EPA 1976). 

Some radionuclides, particularly cations, will be adsorbed onto minerals 
in the soil and aquifer. This slows the transport of adsorbed radionucljdes 
toward the spring. The amount by which transport of a particular radionuclide 
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TABLE 9.1. Summary of Radionuclide Screening for Watershed Pathway Calculation 
(Assuming No Sorption of Radionuclides) 

Normalized 
Release Deposition Concentration Spring 
Term Rate in Infiltration Concentration 

Radionuclide Half-life (Ci/yr} (pCi/m2yrl (pCi/ll (pCi/ll 

Tritium 12.3 yr 8.5 946 27 16 
Cobalt-60 .S .3 yr 3.2 356 10 2.7 
Strontium-89 50.5 days 1.1 122 3.5 0 
Strontium-90 28.8 yr 0.01 1.45 0.04 0.03 
Yttrium-91 58 days 1.3 145 4.1 0 
Zirconium-95 64 days 1.5 167 4.8 0 
Niobium-95 35 days 1.2 134 3.8 0 
Niobium-95M 84.1 hr 0.01 1.22 0.03 0 
Ruthenium-103 39.6 days 12,000 1,340,000 38, 152 0 
Ruthenium-106 367 days 860 95.,100 2734 3.4 
Iodine-131 8 days 1.0 1,560,000 44 ,510 0 
Cesium-137 30 yr 0.02 1. 78 0.05 0.04 
Cerium-144 284 days 0.4 49 1.4 0 

will be slowed under particular geochemical conditions is quantified by the 
distribution coefficient (Kd) . Geochemical evaluation~ of ruthenium-106 (Ames 
and Rai 1978) demonstrated a wide range (0 to 752 ml/g) of possible distribu-
tion coefficients {higher Kds indicate greater sorption). For the conditions 
of infiltrating water and in a shallow ground water system on Rattlesnak~ 
Mountain, it is likely that at least a minimal Kd influences transport of 
ruthenium-106. However, even assuming a relatively low Kd of 1, no 
ruthenium-106 was predicted to reach the spring. A value of Kd ~ 0.0 ml/g was 
used in the calculations summarized in Tables 9.1, 9.2 an.d 9.3. 

In a sensitivity analysis, each of the assumed parameters used in the 
calculation was varied by an expected amount {Table 9.2) . The range of spring 
concentrations predicted while varying each parameter independently (assuming 
all other parameters were constant) is summarized in Table 9.3. 
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TABLE 9.2. Summary of Parameter Variations for the Watershed 
Sensitivity Analysis 

Parameter 

Distribution Coefficient (Kd) 

Deposition Rate (pCi/m2 yr) 
Depth to Ground Water (m) 
Infiltration Rate (cmjyr) 
Soil Moi~ture Content (cm3cm3) 

Ground-Water Travel Time 

Low 

85,800 
1.5 

0.5 
0.05 
0.5 

Variation 
Base 

All Cases 
Kd = 0.0 ml/g 

95,800 
3.0 
3.5 

0.10 
1.0 

High 

105,800 
4.6 
6.0 

0.15 
1.5 

TABLE 9.3. Summary of Predicted Concentrations of Ruthenium-106 
for the Watershed Sensitivity Calculation 

Parameter 

Distribution Coefficient (Kd) 

Deposition Rate 
Depth to Ground Water (m) 
Infiltration 
Soil Moisture Content 
Ground-Water Travel Time 

Predicted Ruthenium-106 
Concentration in Spring (pCi/L) 
Low Base High 

Not varied 
3.0 3.4 3.5 

68.2 3.4 0.17 
0.0 3.4 24.1 

68.2 3.4 (}.17 
4.8 3.4 0.17 

The concentrations of ruthenium-106 at the spring predicted in this 
sensitivity analysis ranged from 0 to 68 pCi/L. 

9.3 RADIATION DOSE FROM WATERSHED DEPOSITION 

The expected dose over a 1-year period from drinking water with the 
calculated concentrations of radionuclides was determined using the GENII 
computer software system (Napier et al. 1988a, 1988b). This software has been 
tested and has been used in previous HEDR dose calculations (Napier 1991). 
Doses were calculated for the watershed pathway based on the range of 
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ruthenium-106 concentrations predicted at the spring in the sensitivity analy­
sis. The resulting dose estimates from ruthenium-106, which are all less than 
the EPA 4 mrem/ yr limit (EPA 1976), range from 0 to 1.4 mrem/ yr effective dose 
equivalent (Table 9.4). 

The maximum possible dose calculated from the combination of parameters 
used in the sensitivity analysis (highest deposition and recharge rates and 
lowest depth to ground water, soil moisture content, and ground-water travel 
time from Table 9.-2) was 15 mrem/yr effective dose equivalent. This dose is 
greater than the EPA limit (4 mrem/yr), but less than the dose received from 
natural background radiation (300 mrem/yr) in the Tri-Cities . 

TABLE 9. 4·. Summary of Dose Ca 1 cul at ions for the Watershed Sensitivity 
Calculation 

Parameter 

Distribution Coefficient (Kd) 

Deposition Rate 
Depth to Ground Water 
Infiltration Rate 
Soil Moisture Content 
Ground-Water Travel Time 

Low 

0.06 
1.4 
0.0 
1.4 
0.1 

9.7 

Dose (mrem/yr) 
Base 

Kd not varied 
0.07 
0.07 
0.07 
0.07 
0.07 

High 

0.07 
0.004 
0.5 
0.003 
0.003 





10.0 CONCLUSIONS AND RECOMMENDATION 

Ground-water monitoring has generated a considerable amount of informa­
tion on the distribution of radionuclides in the ground water at the Hanford 
Site over time. Changes in the monitoring technologies- (described in Sec­
tion 5) have resulted in improvements in the quality of information that is 
available. During the early years (1940s through the early 1960s), only gross 
alpha and gross beta measurements were available on a routine basis. More 
recently, detailed information is available on the concentrations of specific 
radionuclides in Hanford Site ground water. 

The improvements in the quality of monitoring results have changed the 
interpretations of the ground-water-contamination data. For example, during 
the early 1960s, the discovery that tritium was a product of uranium fission 
prompted sampling and analysis of ground water in the unconfined aquifer to 
detect tritium. At the time, the lowest level of detection for tritium was 
10,000 pCi/l. When tritium was found to be present in the unconfined aquifer, 
as reported by Brown (1962b), the tritium plume was interpreted as having 
reached the Columbia River (see Figure 6.24). In 1963, improved analytical 
techniques lowered the detection limit to 2000 pCi/l (Haney 1963), and the 
tritium plume was interpreted to be farther back from the river than was 
previously thought (see Figure 6.26). The new detection limit . permitted 
better definition of the tritium plume. 

Radiation doses that the public received from discharge of Hanford Site 
ground water containing radionuclides to the Columbia River were small 
(compared with the EPA drinking-water standards). The dose attributed to 
ground-water discharge to the river during 1989 was 0.02 mrem effective dose 
equivalent (Jaquish and Bryce 1990). This dose was calculated by the differ­
ence between measured upstream and downstream concentrations of tritium, 
technetium-99, and iodine-129 in the river during 1989 when the ground-water 
discharge was high compared with previous years (Figures 6.45 and 6.46). 
Monitoring results for wells in Franklin County show that iodine-129 concen­
trations were well below the applicable EPA drinking-water standard (although 

10.1 



the source of the iodine-129 was never determined) (IWG 1987). Uranium in 
Franklin County wells was shown to be of natural origin and not from the 
Hanford Site (WDSHS 1988). 

Use of water from wells on the Hanford Site that were contaminated by 
radionuclides did not result in significant radiation doses to the public. 
Only the Visitor Center at FFTF is accessible to the public. The dose from 
tritium at FFTF, which was highest during 1977 (51,000 pCi/L) resulted in 
1 mrem annual dose to workers , based on a 40-hour work week and 220-L/yr 
intake. The radiation doses to occasional visitors would be much less than 
the calculated doses to workers. 

The radiation doses from using water from riparian wells were estimated 
to be small, although they were difficult to quantify because no direct 
monitoring data are available . The maximum radionuclide concentrations in 
riparian wells are expected to be similar to those for treated (filtered) 
river water. Maximum possible radiation doses from use of riparian wells were 
estimated based on doses from direct use of water from the Columbia River. 

Kennewick is the nearest municipality downstream of the Hanford Site 
that is supplied by riparian wells. Radionuclide concentrations in the 
Kennewick water supply were monitored over time, and these data therefore 
represent the only direct radionuclide monitoring data for riparian wells. 
During Phase I of the HEDR Project, the distribution of doses resulting from 
drinking water from the Kennewick water supply was estimated for 1964 through 
1966, which was the period of highest radionuclide discharge to the river from 
the operating reactors at the Hanford Site (PNL 1991b). The median dose 
calculated for the City of Kennewick was 10 mrem effective dose equivalent 
during 1964 through 1966, or about 1% of the average dose from background 
radiation in this community. 

Radionuclide concentrations were monitored in water withdrawn directly 
from the river and treated in Richland and Pasco. These concentrations pro­
vide an estimate for maximum possible impacts of drinking water from riparian 
wells. · Results from Phase I (PNL 1991b) show the median dose from drinking 
treated river water in Richland during 1964 through 1966 was 30 mrem effective 
dose equivalent during 1964 through 1963, or about 3% of the average dose 
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received from background radiation. The dose from drinking riparian well 
water is expected to be lower than the dose from drinking river water. 

The range in doses calculated for the watershed pathway was less than 
1 mrem/yr for a range of possible parameters used in the calculation. The 
maximum possible dose by combining the "worst" parameters in the calculation 
was 15 mremjyr effective dose equivalent. In the simple calculation, 
ruthenium-106 was the only radionuclide to reach the hypothetical well or 
spring through the shallow ground-water system in significant concentrations. 
However, the dose from ruthenium-106 at the upper estimate for the watershed 
calculations is far less than the 300 mrem from natural background radiation 
in the Tri-Cities area (Jaquish and Bryce 1990). 

Analysis of the ground-water pathways and extensive review of available 
publications on ground water at the Hanford Site indicate that ground water 
did not make a significant contribution to dose during the study period 
(1944 to present). Even at locations where ground water was used directly or 
where surface water containing radionuclides from ground water was used, the 
contributions to dose were small. 

The recommendation from analysis of the ground-water pathways identified 
by the TSP is that further work on the ground-water pathway be limited to 
tracking ground-water studies at the Hanford Site and surrounding environs 
(i.e., wells in Franklin County). However, the final decision on whether the 
ground-water transport pathway has been adequately addressed or if additional 
work is needed is to be made by the TSP. 
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APPENDIX A 

TSP DIRECTIVE 88-4 



.· 

Technical Steering Panel 
Hanford Environmental Dose 

Reconstruction Project 
P. 0. Box 1734 

Richland, Washington 99352 

TECHNICAL S l'EEIUNG PANEL 
RESEARCH DIRECTIVE 

Directive Nw;nber: 88-4 

Date: November 23, 1988 

Subject: GROUND WATER CONTAMINATION DATA 

Action to be Taken: 
The TSP recommends that three activities be carried out by Battelle in 

their ground water transport subtask. These activities should be carried out 
immediate! y. 

1. (a) List all wells on and adjacent to the Hanford Reservation which 
m~y have supplied ground water (for irrigation or domestic use) which 
was contaminated by radionuclides originating on the Hanford 
Reservation. 

(b) Make estimates of the level of contamination and the number of 
people affected. 

2. Make some reasonable estimates of the location and number of 
irrigation and municipal supply wells which are near enough to the 
Columbia River to have been affected significantly by radionuclides 
discharged into the river by operations at Hanford. 

3. Make an estimate of the radionuclides discharged into the Columbia 
River by unconfined ground water flow which originates in the 200 Area 
and seeps southward into the river. 

Till, Ph.D. 
an, Technical' Steering Panel 
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TABLE B.1. Sanitary-Water Systems at the Hanford Site (after Thurman 1990) 

System Name 

182-B 

100-0 

100-K 

100-N 

200-E/200-W 

251 Building 

609 Building 

622-R 

Yakima 
Barricade 

6652-C (PNL 
Observatory) 

Patrol Training 
Academy 

400 Area (FFTF) 

300 Area 

Richland 

Source of Supply 

Columbia River 

Columbia River 

Columbia River 

Columbia River 

Columbia River 

Columbia River 

Columbia River 

Columbia River 

Well 699-49100-C 

Developed Spring at 
3160 ft on Rattle­
snake Mountain 

Well 699-S28-EO 

Wells 499-S1-8J and 
499-S0-7 

Columbia River 

Columbia River 
and ground water 

8.1 

Notes 

Filtered and chlorinated 

Filtered and chlorinated 

Filtered and chlorinated 

Filtered and chlorinated 

Filtered and chlorinated 

Filtered and chlorinated 

Filtered and chlorinated 

Filtered and chlorinated 

No treatment provided 

Chlorination only 

Chlorination only 

Supplies mixed: 93% from 
S1-8J and 7% from S0-7; 
chlorination only 

Filtered and chlorinated 

River water filtered and 
chlorinated; ground water 
chlorinated only 
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APPENDIX C 

SUMMARY OF DRINKING-WATER LIMITS FOR RADIONUCLIDES 

TABLE C.l. Radiological Drinking-Water Standards: U.S. Environmental 
Protection Agency, National Interim Primary Drinking-
Water Regulations; and State of Washington Rules and Regulations 
of the State Board of Health Regarding Public Water Systems 

Contaminant 
Gross alpha <excluding Uranium) 
Conmined RacH~·226 and Radium-228 
Radiua-226 (State of Washington, only) 
Gross beta and gamma radioactivity 
fr011 ..,-..de radionuc:lldes 

imi 
15 pCI/L 
5 pCi/L 
3 pCI/L 

Annual average concentration shall not produce an annual dose 
fr011 .anmade radionuc:lides equivalent to the total body or any 
internal organ dose greater than 4 mremty. If two or more 
radionuc:l ides are present, the SID of their arr.ual dose 
equivalents shall not exceed 4 lfll'em/Y. 

Compliance may be assumed if annual average concentrations for 
gross beta activity, tritium and strontium·90 are less than 50, 
20,000, and 8 pCi/L, respectively. 

The following list provides the annual average concentrations for manmade 
radionuclides of interest. These radionuclides are assumed to yield an annual 
dose of 4 mrem to the indicated organ. Data are taken from the National 
Interim Primary Drinking Water Regulations, Table IV-2A (EPA 1976). 

R~ionuc:l ide 
Tritium 
Carbon-14 
Cobalt-60 
Strontfum-89 
Strontlua-89 
Strontfu.-90 
Zlrconil.ll-95 
Niobh.ll-95 
T echneti ua-99 
Rutheniua-103 
Ruthenhn-106 
Antfmony-125 
lodine·129 
lodine-131 
Ceshn·134 
Cesh•-137 

Critical Organ 
Whole body 

Fatty tissue 
Gl (LLI)(a) 
Bone 

Bone marrow 
Bone Mrrow 
Gl (Lll) 
Gl (LLI) 
Gl (LLI) 
Gl (LLI) 
Gl CLLI) 
Gl (LLI) 
Thyroid 
Thyroid 
Gl (S) (b) 

Whole body 

Concentration, pei/L 

20,000 
2,000 

100 
20 
80 
a 

200 
300 
900 
200 
30 

300 
1 
3 

20,000 
200 

(a) Gastrointestinal tract (lower large intestine) . 
(b) St01118Ch. 

C.l 
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APPENDIX D 

GLOSSARY 

Alpha Radiation - Least penetrating type of radiation. Alpha radiation can be 
stopped by a sheet of paper or the outer dead layer of skin. 

Aquifer - Saturated geologic unit that can transmit significant quantities of 
water. 

Background Radiation - Radioactivity in the environment, including cosmic rays 
from space and radiation that exists elsewhere in the air, in the earth, and 
in manmade materials that surround us . In the United States, the average 
person receives about 300 millirems (mrem) of background radiation per year. 

Bank Storage - Hydrologic term describing river water that flows into and is 
retained in permeable stream banks during periods of high river stage. Flow 
is reversed during periods of low river stage. 

Beta Radiation - One form of radiation emitted from a nucleus during radio­
active decay. Beta radiation can be stopped by an inch of wood or a thin 
sheet of aluminum. 

Composite Sample - Sample formed by mixing discrete samples taken at different 
points in time. 

Confined Aquifer - An aquifer bounded above and below by less permeable 
layers. Ground water in the confined aquifer is under a pressure greater than 
atmospheric pressure. 

Continuous Sample - Sample formed by the continuous collection of the media or 
contaminants within the media during the entire sample period . 

Curie (Ci) -A unit of radioactivity equal to 37 billion (3.7 x 1010
) nuclear 

disintegrations per second. 

Decay, Radioactive - The process by which a radioactive nucleus spontaneously 
changes into the nucleus of a different element, which may be radioactive or 
stable . 

Deposition - Process through material in the air settles to the ground. 

Derived Concentration Guides (DCG) - Concentrations of radionuclides in air 
and water that could be continuously consumed or inhaled and not exceed an 
effective dose equivalent of 100 mrem/yr. 

Detection Limit - Minimum concentration of a substance that can be measured 
with a 99% confidence that the analytical concentration is greater than zero. 
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Dispersion - Process whereby effluents are spread or mixed as they are trans­
ported by ground water. 

DrinKing Water Standard - A maximum concentration limit established by the 
U.S. Environmental Protection Agency for certain chemicals and radionuclide in 
public drinking water supplies. 

Effective Dose- See "Effective Dose Equivalent." 

Effective Dose Equivalent - An estimate of the total risk of potential health 
effects from radiation exposure. This estimate is the sum of the committed 
effective dose equivalent from internal deposition and the effective dose 
equivalent from external penetrating radiation received during a calendar 
year. 

Effluent - Liquid waste streams released to the environment from a facility. 

Effluent Monitoring - Sampling or measuring specific liquid effluent streams 
for the presence of pollutants. 

Exposure - Subjecting a target (usually living tissue) to radiation or 
chemicals. 

External Radiation - Radiation originating from a source outside the body, 
such as cosmic radiation or natural and manmade radionuclides. 

Fallout - Radioactive materials mixed into the earth's atmosphere following a 
nuclear explosion. Fallout from past testing is suspended in the atmosphere 
and precipitates onto the earth. 

Fission (fissioned) - Splitting a nucleus into at least two other nuclei. 

Fission Products - Elements or compounds formed from fissioning. Many fission 
products are radioactive. 

Gamma Radiation - Form of electromagnetic, high-energy radiation emitted from 
a nucleus. Gamma rays are essentially the same as x-rays and require heavy 
shieldings, such as concrete or steel, to be stopped. 

Grab Sample - Individual discrete sample collected over a short period of 
time. 

Gross-Alpha - The total alpha radiation (electrons and positrons) emitted by a 
unit mass or volume of material containing radionuclides. 

Ground Water - Subsurface water that is in the pore spaces of saturated soil 
and geologic units. 

Gross-Beta - The total beta radiation (helium nuclei) emitted by a unit mass 
or volume of material containing radionuclides. 

0.2 



Half-life - Length of time in which a radioactive substance will lose one half 
of its radioactivity through radioactive decay. 

Hydraulic Conductivity- A parameter that quantifies the ability of a porous 
media to transmit water. 

Infiltration- The rate at which water on the surface flows into the soil. 

Isopleth -A line of equal concentration of a dissolved chemical species. 

Isotopes - Different forms of the same chemical element that are distinguished 
by different numbers of neutrons in the nucleus. 

Mean - Average value of a series of measurements. 

Median - Middle value in a set of results when the data are ranked in increas­
ing or decreasing order. 

Millirem (mrem) - A unit of radiation dose equivalent that is equal to one 
one-thousandth of a rem. 

Minimum Detectable Concentration - see detection limit. 

Plume - Distribution of a pollutant in air or water after being released from 
a source. 

PUREX - Plutonium, Uranium Extraction Process. 

Radiation - Energy emitted in the form of rays or particles such as those 
thrown off by disintegrating atoms. The rays or particles emitted may consist 
of alpha, beta, or gamma radiation. 

Radioactivity - Property possessed by some elements, such as uranium, whereby 
alpha, beta, or gamma rays are spontaneously emitted . 

Radioisotope - Radioactive isotope of a specified element. Carbon-14 is a 
radioisotope of carbon. Tritium is a radioisotope of hydrogen. 

Radionuclide - Radioactive nuclide. There are several hundred known radio­
active nuclides, both manmade and naturally occurring. Nuclides are charac­
terized by the number of neutrons and protons in an atom's nucleus. 

Rem - Acronym for Roentgen Equivalent Man; a unit of dose equivalent that 
indicates the potential impact on human cells . 

Riparian Well -Well, all or part of whose water comes indirectly from a 
nearby river or stream. 

Sorption - The reversible attachment of charged, dissolved particles to the 
surface of solid materials. 
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Spent Fuel - Nuclear fuel that has been irradiated in a nuclear reactor; this 
fuel contains uranium, activation products, fission products, and plutonium. 
At Hanford, spent fuel is processed in the Plutonium Uranium Extraction 
(PUREX) Plant. 

Travel Time - The time required for ground water, or a dissolved substance, to 
move from one point to another in an aquifer. 

Unconfined Aquifer - An aquifer containing ground water that is not confined 
above by relatively impermeable rocks. The pressure at the top of the uncon­
fined aquifer is equal to that of the atmosphere. At Hanford, the unconfined 
aquifer is the uppermost aquifer and is most susceptible to contamination from 
Site operations. 

Water Table - Theoretical surface represented by the elevation of water sur­
faces in wells penetrating only a short distance into the unconfined aquifer . 

Watershed - An area, delineated by a drainage divide, in which surface runoff 
and shallow ground water flow i nto a common watercourse. 
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