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MEMORANDUM dfMHrLL

TO: Ed Hanlon/EPA Region V [?/ g ¥

COPIES: Laura Weyer/CH2M Hill GLE
FROM: Susan Blake/CH2M Hill RME
DATE: August 8, 1994

SUBJECT: Arithmetic Mean vs. Geometric Mean for Calculating
Contaminant Concentration

PROJECT: GLE65648.DS.PM

Laura Weyer requested that I send you information regarding the use of the
arithmetic mean versus the geometric mean for ¢alculating contaminant concentration
levels for risk assessment purposes.

The attached EPA Bulletin, "Supplemental Guidance to RAGS: Calculating
the Concentration Term" dated May 1992, recommends the use of the arithmetic
mean instéad of the geometric mean for calculation of media contaminant
concentration exposure. The reasons cited in the referenced bulletin are summarized
below:

- An individual’s long-term average exposure is by definition an arithmetic
mean.

- The arithmetic mean is appropriate regardless of the pattern of daily
exposures over time or the type of statistical distribution of the sample data,

- The geometric mean may differ greatly from, and be much lower than, the
arithmetic mean. Therefore, it is not as conservative as the arithmetic mean.

- The arithmetic mean can be calculated from a normal or a lognormal
distribution, which ever is an appropriate distribution assumption for the data.

- Uncertainty in the arithmetic average estimate can be accounted for by
calculating the upper confidence limit (UCL) of the estimate.

If you have any further questions regarding this matter please call me at (303)
771-0952, ext. 2612,
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Hazardous Site Evalmton Divsnn 0S-230

The overarching mandate of the Comprebensive Enviroamental Response, Compensatio, and Lisbility
Act (CERCLA) is 10 protect buman health and the énvirosment from catteat and poteptial threats posed by
uncontrolied releases of hazardous substapeat. To help meet this mxndate, the US. Egvironmental Protection
Agency's (EPA's) Office of Emergency and Remedial Respodic bas developed a buman bealth risk assessment
process s pan of (i remadial fesponse program. This prooms is described In Risk Assessmers Guidange for
Superfand: Votume I = Human Health Evalugtion Manuol (RAGS/HHEM). Part A of RAGS/HHEM
addresses the baseline risk assessment, and desczibes a geseral approsch for estimating exposure o individuals
from hazardous substance reicases at Superfund sites.

This buletin explains the concentration term in the ure/intaks cquation to remedial project
oanagers (RPMs), risk assessors, statisticlans, and other persoanel This bulletia presents the general intake
equation as presented ln RAGS/HHEM Part A, discusses basic eoncepts contrraing the concentration term,
describes generally how 1o calculste the coscenwation term, proseats ctnples 1o iliwsirate several imponant
points, and, lastly, {dentifies where to get additional belp,

THE CONCENTRATION TERM For Superfupd  assessments, the
. contepurstion wera (C) in the intake equation is
aD esimate of the arithmetic sverage concentration
for a contaminant basex 00 & set of sile sampling

RAGSHHEM Pant A pracst the resui. Bocuse Of the uncerainty associpied with
L)

How s the concrntration term used?

Superfund Hsk assessment procats in four ‘steps*:
(1) dana collectjon and evaluation; (2) exposure
assessment, (3). woxicry assessment; and (4) risk
chsracterization. The concentration term s
calculated for use ia the exposure assessment step,
Highlight 1 prescas the geaenl equavon
Superfund uses lor calculating exposure, and
illustrates thar Whe concentmation 1em (C) b oge
of severa]l parameters peaded w  estimate
contaminant intake for ap individual

siipating the trve sveiage concepimtion 3ty siie,
{he 93 perpegt wpper confidenge Kmit (UCL) of

the anithmetc mean should be used for this
varsble: The 95 percent UCL provides reasonable
confidence that the mue sfie gverage will not de
underestizted.

Why use an sverage valve for the copcentration..
9

An cstimate of average concentration is used
becauss:

thewe bulleting,

wm»uoxu.m“mnmﬂwuu Theas bulistiss arve w sppisncos v
Rist ADwwrwry Guidance fur Supwrhond: Vohoret | — Human Haath Evebustion Mowal. The Iaforamiicn proscsted is isieaded s
fuidadce W0 EPA 48d other goveramott cvPloyoss. 1t doem wex conmsiiow: rulemakiay by e Ageocy, sad Bay got Be relind o8 w
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I=Cx

where:

= coplaminaal copczotration

= conuact (lntake) e

EFD = exposurc frequency and duration
BW = body weight

AT = averaging time

80"

Ilighlight 1
GENERAL EQUATION FOR ESTIMATING EXPOSURE
TO A SITE CONTAMINANT

CRxEFD y
BW

intake (i.e., the quanurstive measure of exposure in RAGS/HHEM)

L
AT

03] carcipogenic and ch:onic dopcarcinogenic
wxicity criterial are based oa u:eum

_ * average exposures; snd

() everage concentration is most

represestative of the concentration that

would be conuaczed av a site over thme.

For example, {f you assume that an

individuzl moves randomly acruss an expoture
area, then the spatially sveraged soil concenteation
g be used 10 estimate the truc averuge
concentration conftacted over time. [n this

example, the average conceptration contacted over

time would equal the spatally averaged
eoncentration ovet the cxposure area.  While an
individuzl may not actvally exkibit a truly ragdom
pattern of mevement AcTosy AR CIpOTRrS area, the
assumption of equal time speat in differept pans
of the area as 1 mnple but reasopable approach.

The ™o types of exposure estmagar-fow

being required for Superfund risk asseslimenss, 3,
Jeasonmable maximurg s8d an

cxpasure
aversge, should both use ah e concearatod.
To be protective, the overall esilmate of intake

(sec Highlight 1) used as a basis for action at

1 When scute 1oxicity fs of most concern, » long-
erm average concentration generally should aot be
uscd for risk assessment purposes, as the focns
should be o estUmate thon.term, peak
conccatrations.

,I
-yt
T

Superfund sfies should be an estimaie in the high
end of the ihtake/Sose distridution. Obe bigh-end
opdor s the RME used in the Superfund
progrsm.  The RME, which is defined u the
highest exposure that could reasonably be expected

to pccur {or a given exposure pathway at 3 site, Is
intended to accoulit for both uncertinty in the

contaminant copcentration sod wvariabiity In

| exposure pamameters (e}, cxposurs frequency,
svenaging Ume). For comparative purposes,
Agency guidaner (US. EPA. Guidance on Risk
Characrerization for Risk Mansgers and Risk
Assessors, Febraaty 26, 1992) states that ap sverage
esumarte of expoture also showld be presented in
risk assessmenss. For decision-making purposes ia
e Superﬁmd programn, however, RME is used to
estimate risk ?

Why use an estimate of the arithmetic mesg
rl:her thag the pedmetric memn?

art ! The choice of the anthmetic mean
macentratos as the appropriste measwre for
estimalng exposure dertves from the need 1o
esiimate gn  |pdividual's long-term average
exposure.  Most Agency bealth criteriz are based
on the long-terma average daily dose, which is
simply the sum of all daily doses divided by the
10tal sumber of ¢33 in the averaging period. This
is the definitlon of an arithmetic mean. The

¢ For sdditional {nformatior o RME, sec
RAGSHHMEM Part A and 1he Natioeal Oil and
Hazardous Substances Pollution Contingency Plao
(NCP), 55 Federal Register 8710, March 8, 1950.
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arithpetic mean is appropriate tegardless of the
pattern of daily exposures ovet tine or \he type of
statistical distrfbution that might bast describe the
sampling data. The genmetric cean of § set of
sampling results, however, bears 0o logiaal
connection to the cumulative {ntake that would
resull fom  long-term conuact Witk site
contaminants, and {t may differ appreciably from -
and be much lower than - 1he arithmetic mean.
Although the geometric mean is a convenlent
parameter for descriding central tendeacies of
lognormal distributions, it is sot an appropriate
basis for estimating the concentration tem used in
Superfund exposure assessments. The following
simple cample muy help clarify the differesce
berween the arithmetic and geometric mean whea
used for a0 exposure assessment:

Assume the dajly exposure fora trespasser

subject 10 random expasure 3t a site fs 1.0,
0Mm, 1.0, 0.01, 1.0, 0.01, 1.0, sud 007
units/day over an 8-day pericd. Given
these values, the cumulative exposure Is
simply their summatiop, or 4.04 units
Dividing this by 8 days of exposure resuls
in an anithmetic mean of 0505 unlu/dey.
This is the value we would waat 1o use in
a risk assessmept for this inddvidesl ao
the geometric mean of C.1 unin/day.
Vicwed another way, multiplication of the
geometric mean by the aumber of deys
equals 0.8 uniws, consideradbly lower than
the known cumwative exposure of 4.04
unts,

UCL AS AN ESTIMATE OF THE
AVERAGE CONCENTRATION

What is s 95 percent UCL?

The 95 pereent UCL of & mean is defined
as 2 value that whep caicuisted repeatadly for
randomly drawn subsew of site data, equals or
exceeds the- yue mean 95 percest of the lme

Altbough the 95 percent UCL of the mean.

~provides a of the aversge (or
facan) conceniration, it should pot be confused
with 2 951 percentile of site concentration dats (as
shown in Highlight 2).

<= WhY use the UCL as the aversge concentration?

Statistical confldence limits are the classical
tool for addrexsing uncerwinties of a distridution
aversge. The 95 percent UCL of the arithmetic

S eTC waso
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mean concentralionm I8 used s the average
conoeatrstion because {i i bot powsidle 1o know

the true mean. The 95 percent UCL thetetore |

acounts for uaceruinties due to Umited sampling
data at Superfund sites. As sampling dats become
less liraited at 3 site, uncermintios decreass, the
UCL maves closet to the true mean, and exposure

- evaluations using either the mean ot the UCL

produce similar results. This concept is lustrated
in Highlight 2

Should » valus other thap the 95 pervent UCL be
ohad for the concentration?

A value other than the 95 pereent UCL
cag be used provided the risk assessor can
document that high coverage of the 1rue
population mecan occurs (Le, the valuo equals or
exceeds the irve populaton mesn with high
probability). For cxposure arcas with limited
amounts of data or extreme variability i measured
or tpodeled data, the UCL an be greater than the
highest measurcd or modeled conceatration. In
these cxsas, ') t

tbe highest measured or modeled value
could be used as the concenuation t2rm.  Note,
however, that the 1fue mean stil] may de bigher
1hap this padmum vajye (Le., the 95 pereent UCL
Indicates a higher mean js possidle), especially {f
the most conmminsted portiop of 1he site has not
becn sampled

CALCULATING THE UCL

How many sampies are necessary to aalcylate the
95 peremnt UCLY

Sampling dsta from Superfund siies bave
shown that data sets with fewer thag 10 samples
per exposure ares provide poor estimates of the
mean copcentration (Le., there is a large difference
bersecn the sample mean and the 55 perwent
UCL), while data sets with JO 10 20 samples per

. &Xposure area provide somewhat better estimates

of 1he mean, and data sets with 20 o 30 samples
provide fairly consistem estimates of the mesn
{Le. the 95 pereegt UCL &5 close 10 the sampie
mean). Remcmber tbat, in geaeral. the UCL
spproaches the true mean as more 3atnpies are
included {n tbe aaiculation.

Shonld the daty be transformed?

EPA’s cxpcrienef: shows that most large or
tomplete’ cavironmendal contaminant daws seis

.
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Highlight 2
COMPARISON OF UCL AND 95 PERCENTILE
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As sample size increases, the UCL of-the mesn moves loser 10 the true mesn, while the 95
percestlle of the disuibution remains at the upper end of e distribution.

from soil samplipg are lognomally distibuied
rather than normally disttibuted (see Highlights 3
and 4 for {lustradons of Jognormal and pormal
distributions).: in maost cases, it & reasomable
10 assyme that § sofl sampling data are
lognotmally distributed. Becuuse traasfottuation is
4 Deceusary step In caiculating the UCL of the
arithmetic mean (or 2 lognormal distrfbuting, the
data should be trunsformed by usigg the patural
logarithm function (Le, cxlculate In(x), where x is
3¢ valye from the dau set). However, ln cses
where there & 3 question about the distridution of
the daik set, & sutstical test thould be usad W
ideatify the best disuibutional assumption for the
~dam set. The W.est (Gilbet 1587) I one
statistical tmethod that can be uwied o dewctming Uf
& daw et is consistent with 8 normal or lognormal
distribution. In all cases, it is valuable 10 plot the
data 10 better undersagd wWe conamisant
disiribution at the site. '

liow do you calculate the UCL far » lognormal
distrfbution?

To cticulate the 95 peroeat UCL of the
atithmetic mean for 3 Jognormally distributed data

set, first tansforys the data using the nalural

lopariti function a3 discussed previously (ie.
almse (X)) Aher mamsforming e data,
determine the 95 peroeat UCL for the data et by
compleung the following four steps:

(1)  Caleulste - the arfthmetic mead of e
wansformed dsta (which {3 also the log of
the goometric mean),

() CQalculste the standard deviation of the
trantformed data;

(3)  Detcrmine the H-staistic {e.g., see Gilben
1987); and

Q) Cajculate the UCL using the equation
shown {n Highlight S,

How do you aalculata the UCL for a pormal

distridoticn?

¢
Shat the dag set {5 gormally distriboted, cuculate
the 58 percent UCL by completing Whe following
four steps:

€2
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Elghiight 3
EXAMPLE OF A LOGNORMAL DISTRIBUTION
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Highlight §
CALCULATING TEE UCL OF THE ARITHMETIC MEAN
FOR A LOGNORMAL DISTRIBUTION
UCL=e @073 <N/ /A-1)
where:
UCL = upper confidence limit
¢ - constant (base of the natural Jog. equal to 2.718)
X = mean of the transformed dauy
s » sandend deviation of he transformed data
H - H-statlsude (e.g.. Som table published ia Gilbert 1987)
o - number Of samples
té
CALCULATING THE UCL OF TEE ARITHMETIC MEAN FOR A NORMAL DISTRIBUTION
UCL=x +1(s/yn)
where:
UCL = upper confidence Umit
X - mean Of the ugtransformed dats ~
$ - standard devistion of the paotrsnsformed dats ,{9
t - Student-t statistlé (6§, from tdle published in Gilbert 1987) N
n - pumber of ssmples Jr
'\. .
(1) Calculate the atithmetic mesn of the EXAMPLES

untransformed daw’

(2)  Calcylate the sundard deviation of tae

untransformed data:

{3} - Determine the one-tafled tstatstic (e.g.,
see Gilbert 1957); aad

(4 Calculate the UCL wing the q'nuion
presented in Highlight 6.

Use camtioa when applylag normal disuribution
caiculallons if there is a possidility that heavily

. tontaminated portions of the sitc bave not beep

sdequately sampled. In such cusws, 3 UCL from
pormal distribudon calculations could 31} delow
the true Mean, even if & limiled daw st a1 @ site
ippears normally distributed.

The camples shown in Highlights 7aed 8
address the exposure scenario where 3o judividual
at ¢ Superfund site has equal opportunity to
sonucx 801l La any sector of the contamitated arsa
over time. Bven tbough the examples addsens only
soll exposures, the UCL approach s spplicable to
3] exposure pathways. Cuidance and examples for
olher cxposure pathways will de presented in
forxhcoming dulletins.

Highlight 7 presents a simple data set and
provides s stepwise demonstration of transforming
the datt — assuming 8 lognormal distribution =
and caiculating the UCL. Highlight 8 wea the
sxme dats sel 10 1how 1be differencs between the
UCLs that would result from assuming normal and
lognonnal disuibutios of the data These

1/6‘*‘ y 3
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(%) Apply the UCL equation {n Highlight §, where:

Highlight 7
m}-m.r: OF DATA TRANSFORMATION AND CALCULATION OF UCL

This example sdows the calcalation of a 95 percent UCL. of the amhmuc mean
concentration for chmmium m sou ata S:ape:tnnd site. )

_ o : jjned. The concentrations of chromium
obumedkommdomumpunghmnnt&du(hnyknm 10, 33, 20, 36, 41, 59, 67, 110, 110,
136, 140, 160, 200, 230, and 1300. Usm;muedammmnm;mpmumloalmlmn
concenttation term for the intake equayon:

(1)  Plot the data aud inspect the graph. (You mynmdthe help of & statisucian for this pan
(as well as other parts) of the calalation of the UCL,) The plot (oot shown, but similar w0
Highlight 3) shows & skew 10 the right, consisient whh a lognormal distribution.

r

()  Trensform the data by taking the zatural log of the valnes (Le., dezermine In(x)). For this
data set, the transformed values are: 230, 2.96, 3.00, 358, 3.71, 4.08, 420, 4.70, 4,70, 491,
4.94, 5.08, 530, 5.44, 204 7.17.

X = 438
s =125
B = 3.163 (based on 95 perwent)
n=1is

The resulting 95 percent UCL of the arithmetic mean is thus found to equal ¢{5215), or $02 my/ky.

: Bighlight § ) -
COMPARING UCLS OF THE ARITHMETIC MEAN ASSUMING DIFFERENT DISTRIPUTIONS

In this example, the dats presented in Highlight 7 are used to demonstrate the dilfetence in

the UCL that is see if the poral distridution approack were inappropriately applied to this dau
set (i.e., if, in this example, a normal disuibytiog b assumed),

ASSUMED DISTRIBUTION: Nommal Lognortnal

TEST STATISTIC: Siugent-t H.siatisue
95 PERCENT UCL (mgAq): 328 s@

1
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examples demonstrate the imporugce of using the
COFTECT 2SSUMPLIORS.

WHERE CAN | GET MORE HELP?

Addidonal information oz Superfund's
policy aad approacy w0 calculsting the
concecatrslion term and estimating cxposures at
waste sites can be obtained in:

e US.EPA Rt&:’mmm
Jor Supafnd: Vobume ] =~ Hiuman
Heakh Evglustion Manual (Pere A),
EPM-&M_I!Z, December 1989,

o US. EPA, Guidance for Dais

Useabllity in Risk Asscumen:,
EPA/S40/G-90/008 (OSWER
Directive 9285.705), Oczober 1990.

®  US.EPA Ritk Assesoneny Guidance

Jor Superfiod (Pare A — Baseline Risk

" . Assessment) Supplemental Guldance/

Standard Exposure Factors, OSWER
Direczive 5285,6-03, Msy 1991,

20D gTo DRE3

R S

Usetul statistical guidance can be found in many
standard textbooks, Including:

s Gilbert, RO., Statinical Methads for
Znvironmenzal Pollution Monitoring,
Vap Nestrand Reinbald, New York,
New York, 1987.

Questions or commeats cogeernipg  the
conceiistion tarm an be directed o:

¢ Toxis Iategratiog Brasch
. Office of Emergency and Remedial

Respomse -
401 M $trect SW
Washiagton, DC 20460

EPA suff an obaain addivesal copies of this
bulleta by alliag EPA's Ceater for Envirozmantal
Research Information st FTS 6847562 (S13-569-
7652),  Others can obuin coples by conmacting
NTIS 3t 0-3364700 (703-4B7-4650 in the
Washiagion, DC aren).
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