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This document gives measured radiological and calculated dosimetric
data for the Rocky Flats National Wildlife Refuge and immediate sur-
roundings current as of April 2022. It is intended for those familiar
with radiation and dosimetry but who know little about Rocky Flats. The computation of dose and risk is

carried out within the recommended
framework of the International Com-
mission on Radiological Protection,
itself based on the linear, no-threshold
description of heal risk vs. radiation
dose. ICRP quantities are intended for
radiological protection and should not
be used outside of the ICRP framework.
This document adheres to this.

It is best viewed with a PDF viewer, since in the text there are
many links to both external URLs, to citations in the bibliography,
and for navigating the document.

Takeaway points:

• Recently measured ambient (background) radiation in the Refuge
is consistent with levels (even on the scale of inter-city distances)
measured along the Front Range of Colorado in 1999.

• Around Rocky Flats, the radioisotopes of concern are 239+240Pu
and 241Am. 95% of recent soil measurements along the eastern
boundary (where contamination is highest) show soil 239+240Pu
levels below 2 pCi/g [Bq/kg].

• The isotopes 239+240Pu contribute about 0.8% of total soil radioac-
tivity and about 2.5% of total soil alpha-emitter radioactivity. The
balance comes from natural radioisotopes in the 238U and 232Th
decay chains.

• Recent measurements of PuO2 ’hot particles’ where they are ex-
pected to be most frequent (along and near the eastern boundary) ‘Hot particles’ are described in the text.

show around 500 hot particles per kg of dry soil and mean particle
diameters well below 2 microns.

• Essentially the entire radiation dose from (alpha emitter) Pu iso-
topes comes by inhalation.

• Using the dose framework of the International Commission on
Radiological Protection [1] and either DOE/EPA or ICRP param-
eterizations for inhaled 239Pu, yearly doses due to uniformly con-
taminated soil are conservatively (exaggerated dose) estimated
at 4.3 µSv, and about 3.4 µSv from inhaled hot particles. (These
may be compared with measured background (omitting radon) of
about 1230 µSv = 1.23 mSv per year.) Estimated 50-year (epidemi-
ological lifetime) doses due to Pu are less than 0.4 mSv at a very
low dose rate.

Many radiation epidemiologists regard
single doses of 100,000 µSv = 100 mSv
or above as an approximate threshold
for possible health impacts.
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To readers: (i) Click on blue links in the Contents to take you to a section;
(ii) green links in the text are to external PDF documents. These generally
have many more citations of peer-reviewed journal articles; (iii) click on
a green citation (looks like [3]) in the text to reposition the cursor at the
corresponding bibliography entry; (iii) usually clicking on the URL field or
the DOI field in a bibliographic entry will fire up your Web browser and
take you to where the original file is available. In-text green links are to
documents or graphics on the website rockyflatsneighbors.org. These contain
extensive bibliographies and more technical details.

Figure 1: Planned (green) and existing
(colors) trails within the Refuge. Dot-
dashed line: boundary of ‘central
operable unit’ (COU), administered by
the Department of Energy.
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Radiological properties of Refuge

Ambient radiation

The Colorado Front Range has the highest background radiation lev-
els in the U.S. because of the presence of hard-rock minerals (thus ac-
tinides) and high elevations (cosmic rays). Ambient (background) ra-
diation is usually described as terrestrial (originating in soil) and cos-
mic (due to cosmic rays). Ambient radiation is frequently specified

Radon is always present in the atmo-
sphere, so its effects are included in
household dosimetry but not usually
in measurements. In Colorado, about
two-thirds of background radiation
comes from the soil.

by the ambient dose equivalent [radiation] rate or ADER. In Fig. 2 23 Formally the ADER is dH*(10)/dt,
according to the ICRP definition [1].
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Figure 2: ADER measured in cities
along the Colorado Front Range by
Stone et al. [2] using a pressurized
ionization chamber in 1999. Upper
inset: comparison of 2019 bGeigie Nano
data-logging GPS-enabled Geiger-
Müller counter results and range
specified for Rocky Flats by Stone et al.
See this document for details and this
one for the Central Operable Unit visit.
Graphical summaries are available here
for Refuge trails, and here for the COU.

year old data agrees very well with 3 year old data and places Rocky
Flats between Eldorado Springs and Denver in terms of ADER; this
coincides with their physical proximity.

Figure 3: 2019 sampling locations. Red
line: boundaries of the ‘central operable
unit’ (COU); orange: Fish and Wildlife
sampling locations, purple (eastern
boundary): for Jefferson Parkway.
Table above: statistical properties for
239+240Pu measurements for Fish and
Wildlife sampling.

Recent measurements on east side of Refuge

See Fig. 3. The principal radioisotopes of concern around Rocky Flats
are 239+240Pu and 241Am from plutonium processed at the former
plant which closed in 1989. In the summer of 2019 a large campaign

https://rockyflatsneighbors.org/wp-content/uploads/OptInsideRF.pdf
https://rockyflatsneighbors.org/wp-content/uploads/OptInsideCOUwithPix.pdf
https://rockyflatsneighbors.org/wp-content/uploads/OptInsideCOUwithPix.pdf
https://rockyflatsneighbors.org/wp-content/uploads/Opt2PgFlyer.pdf
https://rockyflatsneighbors.org/wp-content/uploads/Opt2PgFlyer.pdf
https://rockyflatsneighbors.org/wp-content/uploads/Opt1PageCOUSummary.pdf
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of soil testing (see overview) was carried out, mostly immediately
east of the Refuge boundary along the right-of-way for the ‘Jefferson
Parkway’. 495 samples were taken, including 48 taken for the Fish
and Wildlife Service for proposed trail improvements. Sampling
locations are shown in the margin figure, color-coded by the entity
responsible. The most commonly accepted value

for the background levels of 239+240Pu
(far from the Refuge) in Colorado are
0.057 pCi/g [3]. Note that 1 pCi/g= 37
Bq/m3.

Results for samples for the Jefferson Parkway are summarized in
the table below. Prior measurements of Pu deposition [3] show that
the eastern boundary should be the most heavily contaminated with
Pu isotopes and Am because of the prevailing winds off ‘Pad 903’
and earlier fires. For this reason it is likely that maximum soil con-
centrations of these contaminants in the Refuge will coincide roughly
with the Jefferson Parkway sampling. Important: Published reports

date radionuclide mean std dev max
Dec 2019 239+240Pu 0.54 0.79 11.3
Mar 2022 239+240Pu 0.609 0.833 11.3
Dec 2019 241Am 0.16 1.41 32.2

Table 1: Dec 2019: all 523 samples
(omitting single hot particle sample).
Mar 2022: corrected Parkway-only
sampling (440 samples), omitting single
hot particle sample; see Appendix B.
Units are pCi/g; 1 pCi=.037 Bq.

include a single soil sample with a PuO2 ‘hot particle’ of diameter
about 8.8 microns. This seriously skews statistical information; the
distribution in size and location of hot particles can be very different
from uniform contamination, so this is a methodological error. See
Appendix B for how to correct for this. Table 1 above is corrected.

A cumulative distribution plot of measured 239+240Pu soil concen-
trations is shown in Fig. 4.
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454 samples: 
95% of samples 

< 2 pCi/g

Figure 4: Cumulative distribution of 454
raw samples as of December 2019.

Contributions to total soil radioactivity

It is not widely known that Rocky Flats soil has been thoroughly
characterized radiologically by NIST, providing a useful context for
the presence of these isotopes. Involvement of the National Bureau
of Standards (now NIST) with the Rocky Flats site goes back at least
as early as 1964 [4]. By 1978 (when soil was collected for sampling) it
was well known that soil around and downwind of the Rocky Flats
plant had been contaminated with Pu and Am as a result of unreli-
able waste storage practices. Two soil standards (carefully standard-
ized samples used for calibration of soil radiation measurements)
were developed and distributed in 1984 and 2007.

Figure 5: Approximate locations (filled
black circles) of soil used for NBS/NIST
soil standards [5]. Contours are in units
of mCi 239Pu per square km.

The collection of samples took place in 1978 and was reported in a
publication [5] describing the first standard, designated SRM (=‘soil
reference material’) 4353. The approximate locations are shown as
black circles in the rough diagram [5] shown superimposed in a
current Google map in Fig. 5. “This material was collected within
13 centimeters of the soil surface at Rocky Flats, CO. 239/240Pu and

https://cdphe.colorado.gov/rocky-flats
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241Am concentrations are about an order of magnitude higher than
typical world-wide levels.” The 2007 standard 4353-A comes from the
less-contaminated western location in the map above and the older
4353 1984 standard from the somewhat more-contaminated eastern
location.

Soil radioactivity by radioisotope
Results for both soil standards are shown on the next page, Fig. 6.

The two data sets have been sorted from high to low values and
displayed on a logarithmic scale. Numerical values in pCi/g of soil
are shown in black above and below data symbols; in blue we show
the decay mode. We see levels of about 0.45 pCi/g and 0.22 pCi/g
for the 239/240Pu concentration from the western and eastern (less
contaminated) sampling locations, inverted in this case with respect
to expectations. Note that the fallout isotope 137Cs contributes more
to soil radioactivity than do the Pu isotopes.

Using the more comprehensive 2007 data the contribution of each
radioisotope to the total, as a percentage, is shown as a pie chart on
the right of Fig. 6. 239+240Pu accounts for about 0.8% of total soil ra-

0 % simply indicates that an isotope
contributes less than 0.5% to the total.

dioactivity. Reminder: the 232Th and 238U decay chains are responsible
for all natural radioisotopes present in the NIST assays, except for
40K, the most common. Under conditions of ‘secular equilibrium’ one
may easily estimate the contributions to soil radioactivity from every
member not measured by NIST. Under these conditions, remarkably,

each member of the decay chain has
the same activity, evident from from
the stack thicknesses, numerically
calculated using the free gamma ray
spectrometry software InterSpec from
Sandia National Laboratory. Such
estimates were made by averaging the
measured isotope activities.

Some might argue that α radiation alone is relevant for assess-
ing dangers due to inhaled dust and soil. This data is shown in the
lower right of the figure. The fraction of total alpha soil radioactivity
contributed by 239,240Pu is about 2.5%.

‘Hot particles’ in Rocky Flats soil

‘Hot particles’, intensely radioactive very small pieces of PuO2, have
been known to exist in Rocky Flats soil since the 1970s and were ac-
knowledged in the NIST soil standards. There have been occasional
attempts to characterize their size and location distributions. They A complete discussion of the history of

hot particle epidemiology is available
here.

were most recently measured in 2019 by Ketterer and Szechenyi on

As of March 2022 most of their data
has been removed from the Colorado
Physicians for Social Responsibility web
site. Their original documents may be
requested as a PDF file from me.

the eastern margins of the Refuge. K&S measured many 200 mg sam-
ples for each set (location) and identified the ’baseline’ levels of Pu.
For samples exhibiting elevated Pu levels, the baseline activity was
subtracted and the excess attributed to a single PuO2 hot particle,
whose approximate diameter was established from the equation be-
low. For concreteness we will take 239Pu as the isotope of interest. We
find the (radio)activity A for a single spherical hot particle is related
to its size via (for a derivation, see the diagram here)

A = .01214 d3
µ Bq = 0.3282 d3

µ pCi (1)

https://github.com/sandialabs/InterSpec
https://rockyflatsneighbors.org/wp-content/uploads/HotParticlesV1.2.pdf
https://rockyflatsneighbors.org/wp-content/uploads/2Pages-KetHP-Opt.pdf
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where dµ is the particle diameter in microns; 1 Bq = 1 decay per
second. A graphical summary of the K&S data is given in Fig. 7

rocky flats national wildlife refuge: radiological and dosimetry overview 5

Pu isotopes and Am because of the prevailing winds from ‘Pad 903’
and earlier fires[.] For this reason it is plausible that maximum soil
concentrations of these contaminants in the Refuge will be adjacent
to the Jefferson Parkway sampling. A cumulative distribution plot of

date radionuclide mean std dev max
Dec 2019 239+240Pu 0.54 0.79 11.3
Mar 2021 239+240Pu 0.609 0.833 11.3
Dec 2019 241Am 0.16 1.41 32.2

Table 1: Dec 2019: all 523 samples
(omitting single hot particle sample).
Mar 2022: corrected Parkway-only
sampling (440 samples), omitting single
hot particle sample. Units are pCi/g.

measured 239+240Pu soil concentrations is shown in Fig. 5.
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454 samples: 
95% of samples 

< 2 pCi/g

Figure 5: Cumulative distribution of 454
raw samples as of December 2019.

‘Hot particles’ in Rocky Flats soil

‘Hot particles’, intensely radioactive very small pieces of PuO2, have
been known to exist in Rocky Flats soil since the 1970s and were de-
scribed in the published NIST soil standards documents mentioned
above. There have been occasional attempts to characterize their size
and location distribution. From a radiation risk perspective, they
have been most recently measured in 2019 by Ketterer and Szechenyi As of March 2022 their data has been

removed from the Colorado Physicians
for Social Responsibility web site. These
documents may be requested from me.

on the eastern margins of the Refuge. K&S measured many 200 mg
samples for each set (location), identified the ’baseline’ levels of Pu.
For samples exhibiting elevated Pu levels, the baseline was subtracted
and the excess attribute to a single PuO2 hot particle, whose approxi-
mate diameter was established from the excess.

set HP samps pCi/g d(µ) HP/kg

C1 4 32 2.23 1.2 625
C2 4 39 2.32 1.2 510
C3 2 43 3.95 1.7 230
C4† 2 34 1.37 1.1 300
C5† 2 39 1.08 1.7 260

RF-26† 6 43 1.07 0.92 700
RF-28⇤ 5 40 0.38 0.82 625
RF-29† 9 43 0.30 0.67 1000
RF-30† 4 35 0.30 0.72 570

†New data since first poster
⇤Values have changed from first poster
Table 2: Summary of K&S datasets
[KSSecondPoster] available October
2020. ‘HP’ and ‘samps’ indicate the
number of hot particles and the total
number of samples in the dataset.
Baseline soil radioactivity (‘activ’) is
in pCi per gram of soil, average hot
particle diameter d in microns.

Dosimetry

Since 239/240Pu emit a emitters (with an ICRP relative biological effec-
tiveness of 20) and are extremely faint in g rays (RBE of 1), essentially
all radiation dose from plutonium is via inhalation or ingestion.
What is inhaled (some of which may be swallowed and hence mostly
excreted with slight absorption) is presumed to be

(i) surface dust, presumed to have essentially the composition of
radionuclides discussed above, and (ii) some ‘hot particles’, flecks of
highly radioactive PuO2 particles in the respirable range of xxx.

The 50-year (‘epidemiological lifetime’) radiation dose due to
239/240Pu in surface dust may be computed as follows:

1. Establish the activity (in Bq/g) due to 239/240Pu in surface dirt;
this is readily found from the NIST data as about xx Bq per gram
of dried dirt (dust).

2. The EPA has tabulated the distribution of amounts of dust inhaled
per day by exposed people. [.] In an extremely conservative esti-
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Pu soil radioactivity and d(µ) is the
extracted average hot particle diameter
in microns.

Dosimetry

Those familiar with residual radioactivity around decommissioned
nuclear sites (either in the U.S., western Europe, or Australia) may
have heard of RESRAD, a scenario-driven software tool from Ar-
gonne National Laboratory. At first glance, this is an obvious ap-
proach to describing the Rocky Flats area. In fact, it has been used re-
peatedly by the DOE and the Colorado Department of Public Health
and Environment to confirm ongoing compliance. In my opinion,
this is a clumsy tool for plutonium (see below), and can suffer under
all circumstances from being a large ’black box’, that is, something
whose inputs and outputs are generally understandable, without any
easy way of deducing exactly what calculations are done.

In the following section we therefore make direct calculations of
doses via the International Commission on Radiological Protection
(ICRP) framework [1] and measured data.

Negligible gamma ray dose from plutonium

As is well known, 239Pu and 230Pu are very faint emitters of gamma
rays, about 1 million times fainter than the most common soil ra-
dioisotopes.

relative	gamma	dose	rate
1E+00 1E+02 1E+04 1E+06 1E+08

radionuclide

40K
208Tl		
212Pb		
212Bi		
228Ra		
232Th		
228Th		
228Ac		
224Ra	
216Po	
234Th	
210Pb	
230Th	
214Pb	
226Ra	
214Bi	
234U	
238U	

234mPa	
218Po	
214Po	
210Bi	
210Po	
137Cs
241Pu

(239+240)Pu
Am241
235U
238Pu

nuclide prop
weighted by soil conc

Figure 8: Relative gamma dose rate
from brightest gamma line for radionu-
clides in Rocky Flats soil. Green bars:
for nuclide itself, red bars: nuclide
weighted by its contribution to total soil
radioactivity.

Fig. 8 in the margin (using data from the Laboratoire National
Henri Becquerel Lara compilation) shows that the relative dose rate is

https://resrad.evs.anl.gov/documents/
http://www.nucleide.org/Laraweb/index.php
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determined mostly by the isotope properties.
Since 239/240Pu emit α particles (with an ICRP relative biological

effectiveness [RBE] of 20) and are extremely faint in γ rays (with
an RBE of 1), essentially all radiation dose from plutonium is via
inhalation or ingestion.

Framework for computing inhaled α radiation dose

The single mode of exposure (inhalation) makes calculation of radia-
tion doses from Pu isotopes straightforward. The process is

1. Compute the mass of dirt inhaled over an epidemiological period
of interest

2. From the reported measurements above, compute the radioactivity
(in Bq; 1 pCi=.037 Bq) due to Pu in this mass

3. Using either U.S. or International Commission on Radiological
Protection (ICRP) tabulated relationships between radiation dose
in Sv and inhaled activity in Bq [see Appendix A], compute the ra-
diation dose. The time dependence of this ‘dose coefficient’, shown
in the top panel of Fig. 9, reflects the gradual partial biological
elimination of plutonium and the amount retained in the body.

4. If desired, make estimates of excess cancer risk based on the com-
puted dose.

The U.S. Environmental Protection Agency has long maintained
standards for inhalation of potentially dangerous substances. This
includes contaminated soil breathed in as fine dust. A recent report
[6] reviews recent work, the careful analysis of statistics from many
sources, and updates suggested daily values for soil and dust inges-
tion for children and adults. The document’s Table 5-1 gives a rec-

I used this approach for the inhalation
dose of hot particles before discovering
that the DOE-developed residual
radiation software tool RESRAD uses a
similar approach.ommended value of 10 mg/day for ‘soil’ (includes soil and outdoor

settled dust) ingestion (inhalation plus swallowing) for the general
population. For the 95th percentile (very heavy breathing) the value
is 50 mg/day.

What is inhaled is presumed to be:

A significant fraction of what is inhaled
is swallowed and then mostly excreted.

(i) Surface dust, with the same uniform concentration of 239+240Pu
discussed above for surface soil. A conservative (over-estimated dose)
value for 239+240Pu soil concentrations can be taken from the eastern
boundary of the Refuge, where all measurements show distinctly
higher values. (ii) Hot particles of 239+240Pu in the form of PuO2. Even a value of 1 pCi/g of soil is

substantially above the mean of 0.61
pCi/g.

We note that the radioactivity inhaled for a fixed mass of dirt is pro-

portional to Np d
3
µ, where Np is the average number of particles in

the mass and dµ is the average hot particle diameter in microns. We



radiological and dosimetry overview of rocky flats national wildlife refuge 9

return to the K&S data shown in the table in Fig. 7 for parameter
estimates.
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Figure 9: Dose coefficient function
[top panel] and dose scenarios (central
panel). Bottom panel: constant inhaled
activity per year yields dose which
increases linearly with time (dashed
blue line) if biological half-life is ne-
glected, leading to an overestimate of
dose except for long times.

Dose estimates

For dose estimates we assume the following:

• A dust inhalation rate of 10 mg/day, inhaled 24 hours per day, 365
days per year. (This is roughly four times the actual exposure time
of a full-time worker on the Refuge.)

• Uniform contamination of 239+240Pu at a level of 2 pCi/g. Only
about 4% of 523 samples (most in regions of the Refuge known to
be most heavily contaminated) had measured values larger than
this.

• Hot particle contamination as defined by 600 hot particles per kg
of soil, of diameter 2µ each. (This is about four times the largest

NP d
3
µ product for measured samples.)

• Background ambient radiation (excluding radon) has been repeat-
edly measured at 0.140 µSv/h.

Estimated yearly and lifetime doses are given in Table 2 below.

time unif contamin HP contamin background
year 4.3 µSv 3.4 µSv 1.23 mSv

50 year lifetime 0.22 mSv 0.17 mSv 61.3 mSv

Table 2: Doses per year and per 50-year
epidemiological lifetime from 239+240Pu
contamination inhaled as uniformly
contaminated dust and as hot particles
contained in dust. unif = uniform, HP =
hot particle.For the reasons enumerated above, the non-background dose

estimates are likely factors of 2-5 higher than for realistic worker
scenarios, in proportion to time spent on the Refuge.

A useful logarithmic figure of radiation doses in mSv is given in
Fig. 10 on the next page. In color are shown some doses relevant to
Rocky Flats. In this dose figure the doses from inhaled hot parti-
cles are described in much more detail in a longer document which
includes a number of exposure scenarios and worked examples. A
2-page graphical summary is also available.

Cancer risks due to Pu inhalation on Rocky Flats

As you know, the estimation of risk consists of translating estimated
radiation doses into, for example, (50-year epidemiological) ’lifetime’
risk of developing cancer (‘morbidity’) or dying of cancer (‘mor-
tality’). The ICRP ’dose coefficient’ above for inhalation of 239Pu is
discussed in Appendix A and is given in Table 4 in Appendix A. Ta-
ble 1 (p. 53) of ICRP Publication 103 [1] gives the recommended risk

https://rockyflatsneighbors.org/wp-content/uploads/KettererDataOptim.pdf
https://rockyflatsneighbors.org/wp-content/uploads/2Pages-KetHP-Opt.pdf
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per effective dose as 5.5% per Sv (for the whole population; 4.1% for
adults only). This also is specified in the table in Appendix A. The

Worked example: 50-year
exposure risks

Estimate your excess lifetime
risk of cancer (‘morbidity’) if
you breathe in hot particles
from Rocky Flats dirt for 50
years. Use the C3 sampling
area (largest total hot particle
dose per kg) as an example:
233 hot particles/kg of dirt, av-
erage diameter 1.73 µ. Assume
10 mg per day of inhaled dust
from dirt,

1. Find amount of dirt inhaled:
50 yrs × 365.25 days/yr
× 10 mg/day = 182.6 g =
0.1826 kg

2. Find average number of hot
particles in this much dirt:
.1826 kg × 233 particles/kg
= 42.55 particles

3. Find activity of inhaled
hot particles: Use Eq. (1).
42.55 particles × .0629
Bq/particle = 2.675 Bq
(activity absorbed in 50
years).

4. Note that (Appendix A) the
ICRP radiation dose for this
much 239Pu activity is 1.6×
10−5 Sv/Bq × 2.675 Bq =
42.8 µ Sv = 0.043 mSv.

5. Find risk from this activity:
Use [Appendix A] Table 4
ICRP value 8.80×10−7 per
Bq: 2.4×10−6.

Interpretation: of every 420,000
people exposed similarly, sta-
tistically one would develop a
cancer (above the rate expected
in the absence of plutonium
hot particle exposure).

sidebar gives an example of estimating cancer risk based on the hot
particle data above. The procedure would be similar for risk based on
inhalation of ordinary Rocky Flats Pu-contaminated soil.

Recent developments in radiation cancer risk framework

As noted above, the ’linear no-threshold’ (LNT) paradigm under-
lies the U.S. ’risk coefficient’ and the ICRP use of cancer risk per Sv,
applied even at ‘low’ radiation doses, often taken to be doses below
about 100 mSv. As is well known to radiation epidemiologists, there
is considerable evidence that at low doses and dose rates there are of-
ten deviations from cancer rates expected from the LNT description.
There is considerable evidence of ’radiation hormesis’ [7], a beneficial
health impact of small to moderate exposures.

An introduction is here. For the last 5
years I have stated that until reliable
prediction is possible at low doses there
is no accepted general substitute for
LNT, which at least is plausible as a
Taylor expansion about zero dose and
compatible with current high-dose data.
However, the absence of a threshold
is implausible from the perspective of
well-known cellular repair mechanisms.

1. Status of linear no threshold description
A number of international organizations have recently examined
whether continued use of the linear, no-threshold approach is
warranted. The general consensus as of 2021 [8],[9],[10] is that
there is no reason to supplant LNT: from [10]:

In a review of all relevant epidemiological studies, NCRP [the U.S.
National Council on Radiation Protection and Measurements–Ed.]
concluded that current epidemiological data support the continued
use of the linear no-threshold (LNT) dose–response relationship for
radiological protection purposes, with no other model representing
a more pragmatic interpretation [8]. A recent review of biological
mechanisms relevant for the inference of risk of cancer from low
dose and low dose rate radiation also concluded that there remains
good justification for the use of a no-threshold model for risk infer-
ence for radiological protection purposes [11]. A critical review of
recent scientific results on the shape of dose–risk relationships and
the influence of dose rate is being performed by ICRP Task Group
91 on Radiation Risk Inference at Low-dose and Low-dose Rate
Exposure for Radiological Protection Purposes. This is needed to
ensure that LNT is the most appropriate evidence-based assumption
to use for radiological protection purposes.

2. Upcoming revisions to ICRP framework
The ICRP from time to time updates recommended values of the
’nominal risk coefficients’ per Sv. As often noted, ICRP parameters
are part of a consistent description of radiation effects on human
beings. The ICRP update process is relatively slow and cautious
and was last reviewed in 2021 [10]. As noted there, “Protection
is accomplished using the well-established dose quantities—
absorbed and equivalent dose to organs and tissues in the pre-

https://rockyflatsneighbors.org/wp-content/uploads/BeyondLNTOpt.pdf
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vention of tissue reactions, and effective dose in the optimisation
of protection against stochastic effects at low doses and low dose
rates.” Section 5.3 of this publication considers cancer at low doses
and low dose rates and Section 5.4 the response to radiation of
individual people, with the intent of including the impacts of smok-
ing, age, and sex. The inclusion of genetic and lifestyle factors is
being considered. Section 5.5 describes updates to heritable risk
reflecting developing understanding of genetic and epigenetic
mechanisms.

3. Ongoing very large radiation epidemiology projects
Wakeford [12] provides a useful overview of recent results from
large-scale epidemiology. Very recent sources [13], [14], should
be consulted for data for specific cancers from very large cohorts
of former nuclear plant workers or the original atomic bomb sur-
vivors.

It is common to parameterize radiation hazards via the ’excess
relative risk’ per Gy of exposure (ERR/Gy). These are not always
directly comparable to risks per Gy of exposure within the ICRP
framework. The table in the margin shows data for the INWORKS
project (about 308,300 workers as of 2021 and more than 8 million
person-years from the U.S., the United Kingdom, and France)
compared with recent data from the ’LSS’ (the ‘Life Span Study’
of Japanese atomic weapon survivors). It is being increasingly

study leukemia all solid cancers all solid cancers
combined except lung

INWORKS 3.15 0.29 0.35
LSS 2.75 0.28 0.25

Table 3: Estimated excess relative
mortality risk per Gy of whole-body
dose using linear no threshold dose-
response. Leukemias exclude chronic
lymphocytic leukemia.

appreciated that the using the ERR alone tacitly assumes similar
baseline cancer rates and that this may not be appropriate [12].

As noted in 2021 [12], “The principal findings of INWORKS are
linear dose-responses describing the increase of the relative risk of
cancer mortality with increasing cumulative photon dose; no de-
partures from linear dose-responses were detected.”. Other recent
reviews relevant to radiation epidemiology include overviews of
nuclear worker cohorts [12], [15].

4. New data on hormetic response
While the journal Dose Response is more-or-less devoted to this
topic, I cite instead more neutral sources. Mothersill and Seymour
[7] examine general signaling mechanisms that exist at low radi-
ation doses rather than the detailed shape of the dose-response
curve. An earlier review [16] is also helpful. Among the more re-
cent publications, David et al. [17] review other recent literature
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and relate cancer mortality to background radiation levels for the
3139 counties and 320 million inhabitants of the U.S. They find
clear reductions in cancer death rates in regions of high back-
ground radiation, including (as noted in the text above) for the
Front Range of Colorado.

Conclusions

The sections above attempt to provide an overview of all current
measurements (neglecting millions of additional measurements made
before about 2008 by the U.S. DOE) relevant to assessing the safety
of public use of the Rocky Flats National Wildlife Refuge. The infor-
mation about background radiation levels and NIST soil standards is
important. Groups that oppose public use of the Refuge have focused
entirely on Pu without awareness of either the natural radioisotope
context or the issue of dose.

An immense literature about Rocky Flats can be examined at

• Rocky Flats Stewardship Council

• DOE Legacy Management site for Rocky Flats

• Colorado Department of Public Health and Environment web site
and reports and updates

Appendix A: ICRP and U.S. federal cancer risk from radiation dose

Within the ICRP framework, there are three steps in determining
cancer risk from exposure to internal radiation. The lifetime (50-year)
risk of cancer (‘morbidity’, not ‘mortality’ [which is the risk of death])
is found as follows:

1. Find the ‘dose coefficient’ cd(50) for the particular mode of expo-
sure and the radioisotope.

2. Determine the activity (in Bq, decays per second) of the ingested
radioisotope.

3. Use a source of excess relative risk for cancer morbidity and from
the dose find the excess risk. The ICRP has its own tables of risk
per Sv of radiation effective dose.

We find the dose coefficient from Annex G of Publication 119 [18] of
the ICRP. The value is 1.6×10−5 Sv/Bq. Table 1 of ICRP Publication
103 [1] gives the recommended risk per effective dose as 5.5% per Sv.

U.S. regulatory agencies combine what is effectively the dose co-
efficient with the absolute lifetime risk of cancer per unit radiation

http://www.rockyflatssc.org/rockyflats_history.html
https://lmpublicsearch.lm.doe.gov/SitePages/default.aspx?sitename=Rocky_Flats
https://cdphe.colorado.gov/rocky-flats-resources
https://cdphe.colorado.gov/rocky-flats


radiological and dosimetry overview of rocky flats national wildlife refuge 14

dose to find a ‘risk coefficient’ which depends on the radioisotope,
the mode of exposure (ingestion, inhalation, etc.), and the solubility
of the relevant inhaled material. It thus has units of excess relative
risk per Bq. Federal Guidance Report No. 13 (Table 2.1, p. 77) [19]
gives a risk coefficient for the inhalation of 239Pu of 8.96 × 10−7 per
Bq or 3.32 × 10−8 per pCi for (quite insoluble, designated ‘S’ for the
slow rate of absorption of 239PuO2 inhaled in particulate form).

authority dose coeff risk/Sv risk coeff

DOE/EPA - - 8.96 × 10−7

ICRP 1.6 × 10−5 .055 8.80 × 10−7

Table 4: Comparison of U.S. and inter-
national lifetime cancer risk parame-
terizations for inhalation of 239PuO2
particles in respirable size range, nomi-
nally 1µ diameter. Risk coefficients are
per Bq of activity.

The net risk coefficients are very similar. This does not imply that
each framework is independently precise, but that the U.S. and the
ICRP have been sharing data for decades, albeit parameterized in
slightly different ways.

Appendix B: How to account for hot particles in soil sampling statis-
tics

If there are plutonium ’hot particles’ (each with an activity measured
in picocuries) in sampled soil (with uniformly spread plutonium in
picocuries per cm3), under no circumstances should the contribu-
tions of the hot particles be lumped in with uniformly contaminated
soil. This would bias the statistics since they would be completely
dominated by the hot particle.

Correcting statistics

Suppose we have N soil samples, one of which contained a hot parti-
cle. The average x (or mean) and ‘standard deviation’ σ of the values
of measured plutonium concentrations are given from

x =
1
N

N

∑
i=1

xi σ2 =
1

N − 1

N

∑
i=1

(xi − x)2 . (2)

Suppose (this actually happened with the CDPHE) that the statistics
reported included the hot particle. This is analogous to finding a
single gold nugget in soil known to contain very low concentrations
of gold uniformly distributed. The distribution of gold nuggets could
in general be vastly different than for gold ’dissolved’ in soil. It is
much more reasonable to specify the concentrations of uniformly
distributed gold and to add information about the nugget: its size
and location.

We want the statistics for plutonium soil samples without the hot
particle. Let’s assume for convenience that the ‘bad’ point is the last
one, denoted xN . If the sums S and V are defined by

S =
N

∑
i=1

xi V =
N

∑
i=1

(xi − x)2 (3)
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then x = S/N and xcorr = (S − xN)/(N − 1) or

x =
S
N

xcorr =
S − xN
N − 1

=
Nx − xN

N − 1
Vcorr =

N−1

∑
i=1

(xi − xcorr)
2 (4)

We then find via simple algebra

Vcorr − V = − N
N − 1

(x − xN)
2 , (5)

eliminating all mention of xcorr in terms of the original mean value
x. Thus the corrected statistics (from dropping the last term of the
original sum) are given by the replacements

x ⇒ Nx − xN
N − 1

(6)

σ ⇒

√√√√ (N − 1)σ2 − N(x−xN)2

N−1
N − 2

(7)

The original sampling data was available as a large spreadsheet
(which can be requested from DMW). At present only statistical
information is available. For this reason only statistical summaries
are shown below.

samp no mean std dev max min
441 1.206 12.57 264 0.001
440 0.609 0.833 11.3 0.001

Table 5: Effect on statistics of Jefferson
Parkway sampling on deleting the
single ‘hot particle’ (sample value 264
pCi) of diameter about 8.8µ.
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