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Now that the terminology of radiation exposure and
dose have been discussed in A crash course in radiation
biology and health physics we return to an overview of
the relation between radiation exposure and cancer risk.

Exposure and dose

The ‘radioactivity” of a particular source is measured in
nuclear disintegrations per second (becquerel = Bq =
‘activity’) or curies (Ci: 1 Ci = 3.7x10'” Bq, or 1 Bq = 27
picocuries = 27 pCi)." The Bq is the official international
unit, but curies are still used in older references. The ac-
tivity is not very useful by itself; however, if you know

the energy of the particles emitted in each nuclear disinte-

gration and how far you are away from the sources, your
radiation dose is fairly simple geometrical calculation.
Two examples are given in the document Rocky Flats,
radiation, and risk.

In environmental contexts it it usually more useful to
know concentrations of various radioactive species. For
example, the limit for remediation of radon in a house
in the U.S. is 4 picocuries (pCi) per liter of air. Surface
contamination, such as occurs on and around the Rocky

' Ugh: before 1946 radioactivity was
measured in curies, thereafter in Bqg.

Geiger counters are frequently cali-
brated with 1¥Cs, a radioactive isotope
of cesium which is a common fission
product in nuclear reactors. It has a half
life of 30.17 years and emits almost en-
tirely 0.6617 MeV < rays and f particles.
The long half life means that a given
source for calibration can be used for

a long time; the < ray-only spectrum
means that even a cheap Geiger-Miiller
counter can detect them, albeit it at low
efficiency since -y rays ‘interact” only
weakly with the atoms of a gas.


http://rockyflatsneighbors.org/wp-content/uploads/RadBioOpt.pdf
http://rockyflatsneighbors.org/wp-content/uploads/RadBioOpt.pdf
http://rockyflatsneighbors.org/wp-content/uploads/RFGroundTruthFinalOpt.pdf
http://rockyflatsneighbors.org/wp-content/uploads/RFGroundTruthFinalOpt.pdf
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Flats site, would be measured in Bq m—2 (or, if the distri-
bution of contaminant by volume is well characterized, as
pCi/cm? or pCi/g if measured by weight). As you know
from a previous document, radiation dose is measured in a
different set of units, related to the energy absorbed per

2

unit mass of a given type of body tissue. Common units Not surprisingly, if you know your way
: y IR n. around MKS units, this is measured
in the US are the rad (for ‘radiation absorbed dose’); there in joules per kilogram, defined to be 1
are 100 rad per Gy (the gray is the standard international Gray (Gy).

unit for radiation dose). The dose rate to a human being
from common radiation sources such as ‘background’
(see below) might be measured in millirad per hour or (if
we know the biological impact) in uSv (microSieverts) per
hour.

Large and small dose rates

On the surface of the Earth a variety of sources give rise
to a “background” level of radiation (radioactive miner-
als in the soil, the bombardment of the Earth by cosmic
rays) which depends on altitude (the atmosphere partially
absorbs cosmic rays) and the local geology. The working

definitions of “large” and “small” dose rates* 2 As I constantly told my students,
in physics there are no “large”

dose rate quantities—only the ratio of one phys-
Z(l?’g e > (mUCh greater than) 1 ical quantity to another with the same
baCkground dose rate units can be large or small.
dose rate
small < (less than or about) 1

background dose rate

I have chosen to use dose rates (for example, in uSvh=1)
rather than doses; the same distinction of course also
holds for the doses themselves. This classification will
turn out to be very important because cellular repair
mechanisms appear capable of coping with dose rates
comparable to background.

Additions, November 2023: A great deal is now known
about the time scales for biochemical changes in response
to ionizing radiation. (These range from seconds to weeks,
depending on dose.) Some of this is due to the search for
biomarker for radiation exposure. In this context "low
doses” are around 1 Gray-in the ballpark of one million
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times annual estimated doses per year from inhaling or
swallowing plutonium in dust. A recent Nature article [1]
surveys this work. Nonetheless [2], a clear framework for
including dose rates is so far lacking.

Fig. 1 shows that relevant ranges of radiation dose (in
Sievert) span a factor of 100,000 or so; the U.S. Nuclear
Regulatory Commission 2010 diagram on which it is
based [3] is the most useful chart I have encountered for
comparing doses. It is very important to note that the life
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span studies of atomic bomb survivors examined peo-
ple whose dose range was up to 4 Sv and that medical
diagnostics (but not cancer radiation therapy) cover a dose
range 1000 times smaller. Also important: cancer epi-
demiology (which requires the study of large numbers

of people since the cancer risks are small) spans a range
100 times higher than the background rates in the U.S. The
Department of Energy’s Low Dose Program (canceled

in 2016) studied dose ranges 100 times larger than U.S.
background levels. In the very lowest row (10,000 smaller
doses than for A-bomb survivors) are EPA limits in mSv
per year for water, for air releases, and for the Nuclear
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Regulatory Commission’s site decommissioning limit,
required to release land without radiological use restric-
tions (0.25 mSv per year).

These observations are meant to put ordinary back-
ground radiation into perspective.

Typical radiation exposures to Americans

As mentioned earlier, background radiation is partially
due to radioactive minerals in soil (whose concentration
varies strongly from place to place) and partially to cos-
mic rays (mostly high-energy protons). There is a very
strong dependence of cosmic ray dose on altitude since
the atmosphere absorbs cosmic rays strongly (because it
is so thick) and its density depends roughly exponentially
on altitude. Fig. 2 shows background radiation doses
around North America due to radioactive soil minerals
and cosmic rays. Fig. 3 shows EPA data on typical non-
background (generally, medical) sources of radiation and
radon levels around the US.

Colorado experiences a ‘triple whammy’ of background
radiation: much of the state is at high altitudes, the min-
erals that make up the Rocky Mountains include uranium
and a variety of other radionuclides that emit -y rays, and
(mostly as a consequence of minerals) we are in the belt
of high radon (an « emitter) concentrations. As you have
already seen in the site document Cancer epidemiology,
despite this Colorado has among the very lowest can-
cer rates in the US (Summit County has the lowest); we
will revisit this in the document ‘Recent” developments in
low-dose radiation response.

The full EPA pie chart [5] indicates an additional 2.28
mSv per year due to radon exposure (mostly a particles)
for an average citizen; A quick check: 1 read values of 88
nGy/hr and 83 nGy/hr as dose rates from cosmic rays
and from <y rays due to soil minerals for Colorado, for an
annual dose of 1.5 mGy/year—or 1.5 mSv/year since this
radiation is assumed to be mostly 7y rays. Adding the 2.28

As stated in the document Off-Site
Lands no longer available in 2023 in the
archives of the Rocky Flats Stewardship
Council,

Most of the soil samples
taken by CDPHE and others
were either at background
or slightly higher. However,
a few samples were greater.
The highest concentration,
which was found 1,800 feet
east of Indiana Street near
the site’s east entrance, was
6.5 pCi/g. This level of ra-
dioactivity corresponds to
[a dose rate of-Ed] approx-
imately o.12 millirem/year,
another measure of radioac-
tive dose.

Remembering that 100 rem (‘roentgen
equivalent man’) = 1Sy, this amounts
to a dose of about 1.2 uSv per year.
Compare this with what is on the chart!

There is also some dependence on
latitude (because of the role of the
Earth’s magnetic field in deflecting
charged particles.

Why internal radiation in the pie chart?
A human body is radioactive simply be-
cause some of the isotopes of elements
common in the body are themselves
radioactive. Different isotopes generally
behave identically in terms of their
biochemistry. Bananas, rich in potas-
sium, gave rise to the tongue-in-cheek
radiation dose unit called the ‘banana
equivalent dose’ of “OK. Why consumer
dosage? ‘Ionization’-type smoke detec-
tors use the synthetic a-emitter 2! Am
(americium 241) to establish a tiny
current whose interruption by smoke
particle is used to trigger an alarm.
Because it is an & emitter, it is easily
shielded by a thin aluminum cage
around the source. The source itself

is covered by an encapsulant which
assures that none of the ! Am itself
escapes the source.


http://rockyflatsneighbors.org/wp-content/uploads/CancerEpidemiologyOpt.pdf
http://rockyflatsneighbors.org/wp-content/uploads/BeyondLNTOpt.pdf
http://rockyflatsneighbors.org/wp-content/uploads/BeyondLNTOpt.pdf
https://www.epa.gov/sites/production/files/2017-04/donut-pie-chart.png
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Figure 2: Radiation doses from soil
minerals (upper panel) and from cos-
mic rays (lower panel). The cosmic

ray exposure map is virtually indistin-
guishable from the elevation map. From
USGS. [4]

minerals in soll

COSMIC rays


https://pubs.usgs.gov/of/2005/1413/maps.htm
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Figure 3: Sources of radiation exposure
for average American, panel (a). Screen
grab, panel (b) of radon levels by region
from the EPA. Red is high.

mV for radon exposure, we find about 3.8 mSv per year
for the average population of Colorado, at the high end of
the green arrow indicating natural background in the U.S.
in the DOE dose chart. We will revisit the importance to
cancer epidemiology of the much (10-50 times) higher
background rates at other locations around the world.

Perspective on medical uses of radiation

You cannot necessarily assume that X-ray or nuclear med-
icate diagnostics are ‘safe’. The Cancer Prevention and
Treatment Fund [6] has excellent information compar-

ing the radiation exposure of common diagnostic proce-


https://www.epa.gov/sites/production/files/2017-04/donut-pie-chart.png
https://geopub.epa.gov/Radon/
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dures here. I have redrawn the table prepared by Julie
Bromberg and Laura Covarrubias (vetted by Dr. Diana
Zuckerman) [6] Fig. 4 but have added in the chart an en-
try for the exposure associated with living in Colorado
for one year. [I added an entry for ‘one year in Colorado’
assuming the same lifetime risk as the next higher dose
category. At most two significant figures are relevant for
the doses, despite the chart formatting.]

The bottomm panel shows the approximate dose in
mSv while the upper panel shows approximate ranges

1 100 10,000 1,000,000 100,000,000

(high in red, low in blue) for the lifetime additional risk

in the form of "1 in" chances. As we will see later, this Figure 4: Radiation dose and additional
i i : imate lifetime risk of dying of
data will put into stark perspective how low the doses approximate lifetime risk of dying of
cancer associated with common medical
from plutonium around and inside the Wildlife Refuge procedures. Mostly from [6].
really are.

A quick look at the Front Range

A bar chart of background counts I measured is in the
document Seeking clarity in Fall 2013 elsewhere on this
site. Since that time I placed my Geiger-Miiller counter
online as part of one of several international radiation
monitoring networks. Count rates for Colorado are vis-
ible in the lower right corner of the Pacific Northwest
detail map. In Fig. 5 I show comparisons between count
rates for four Geiger-Miiller counters of the same model,
spread from Colorado Springs in the south through Cen-
tennial, Lakewood, and the south boundary of Rocky
Flats, where I live. Please note that although my count
rates (taken on the ground floor of a two-storey house)

tend to be the lowest, I attribute no significance to this Radiation network lore suggests that
rates go up when the edge of the jet
because background rates are a matter of local geology. stream moves overhead. Apparently
There are significant weather-induced variations of all wind shear causes particulate matter
. . . suspended in the jet stream to precipi-
count rates. What is noteworthy is that despite our prox- tate out.

imity to Rocky Flats there is no discernible impact on the
count rate. (This is scarcely surprising since my counter is
inside a house, but so are the other three counters.)


http://stopcancerfund.org/pz-environmental-exposures/everything-you-ever-wanted-to-know-about-radiation-and-cancer-but-were-afraid-to-ask-2/#wsa-endnote-46
http://rockyflatsneighbors.org/wp-content/uploads/DMWExper2013Total.pdf
http://www.radiationnetwork.com
http://www.radiationnetwork.com/DetailMaps.htm
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Figure 5: Records over more than a year
for four identical-model Geiger-Miiller

counters along the Front Range.
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More citizen science

A zoomable Google map may be used to examine back-
ground radiation wherever there are (usually) roads or
(sometimes) paths. These levels are directly measured
using a standardized kit-built Geiger-Miiller counter (us-
ing the same high-sensitivity Geiger-Miiller tube as mine)
with built-in GPS support developed by the wonderful,
non-political, and comprehensive citizen-science environ-
mental safety cooperative SAFECAST [7] set up shortly
after the Fukushima Daiichi disaster. The August 2017
SAFECAST report [8] indicates that more than 70 million
measurements around the world are available;

An example comparing downtown Boulder with part
of Candelas is shown in Fig. 6. It is amusing to note that

Figure 6: SAFECAST radiation back-
ground levels in Boulder (upper panel)
compared with those in Candelas
(lower panel).

values along Boulder Creek (about 0.12-0.31 #Sv/hour)
exceed those measured in the Candelas development
(about 0.08-0.23 uSv/hour). I would guess this is from
mineral-laden water in Boulder Creek leaving deposits on
its banks.


http://safecast.org/tilemap/
https://github.com/Safecast/General/wiki/Safecast-Devices
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Takeaway messages

Radiation doses and dose rates are very usefully classi-
tied as large or small based on how they compare with
unavoidable background radiation rates.

Background radiation is considerably higher in Col-
orado than in any other U.S. state, due both to minerals
in the soil (and hence radon) and its average altitude.

Pu- and Am-contaminated soils around Rocky Flats
give rise to radiation doses generally well below 11uSv
per year.
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Reminders: (i) Just click on a reference in the text to
reposition the cursor in the bibliography; (ii) generally
by simply clicking on the URL field or the DOI field in a
bibliographic entry will fire up our Web browser and take
you to where the original file is available.
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