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SHACKELFORD and KEITH (1976) have tabulated the occurrence of 
1,258 organic compounds appearing in 5,720 observations on 33 
water types from 1970-1976. The development of monitoring 
requirements under the Toxic Substances Control Act (TSCA 
1976), and the questions of the app l i cab i l i t y  of the " p r i o r i t y  
pol lutant"  l i s t  and the nature and number of future addit ions 
to i t ,  makes i t  imperative to evaluate the available data and 
the pending regulations systematical ly and j o i n t l y .  Work is 
underway in l l l i n o i s  to characterize as f u l l y  as possible the 
organic compounds contained in the discharges of candidate 
industr ies and in the receiving waters (SOMANI et al .  1979). 
This e f fo r t  has found few p r i o r i t y  polTutants in these 
discharges, and has iden t i f i ed  over 150 compounds not in 
SHACKELFORD and KEITH's l i s t .  These f indings are consistent 
with recent extensive tabulat ions which have also noted that 
many of the so-called " p r i o r i t y  pol lutants" are conspicuously 
absent in indust r ia l  discharges (ANON. 1978). These f indings 
raise the question of the number of compounds which are 
actual ly  in the environment, and the mechanisms which af fect  
the i r  discovery. 

SHACKELFORD and KEITH (1976) have compiled 175 l i s t s  which give 
the i den t i t i es  and frequencies of occurrence of organic 
compounds. Such data const i tu te  the type of information which 
w i l l  be obtained by broad-based monitoring programs. Some of 
the environmentally s ign i f i can t  questions which arise from 
examining such l i s t s  are: 

- What is the chance that a speci f ic  compound appears in a 
given l i s t ?  

- What is the maximum number of times we could expect a 
compound to appear in a l i s t?  

- Is there any signi f icance to compounds occurring more 
f requent ly than expected? 

- Assuming that we wish to i den t i f y  one compound from a 
l i s t  as a marker, what is the expected d i s t r i bu t ion  of 
the frequency of the occurrence of th is  compound in such 
l i s ts?  

- I f  a number of l i s t s  are merged, how many compounds w i l l  
appear once, twice . . . .  n times? Table i ,  for  example, 
presents th is  information for the merged l i s t s  in 
SHACKELFORD and KEITH. 
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Can we use the information from such merged l i s t s  to 
estimate the number of compounds which have not yet been 
observed? 

TABLE i .  Frequency of Occurrence of Organic Compounds 

Frequency of* Observed no. Expected no. 
occurrence of compounds of compounds 

k n(k) m(k) 

1 503 544 
2 238 212 
3 133 117 
4 80 75 
5 56 53 
6 46 39 
7 20 30 
8 14 24 
9 15 20 

10 18 16 
11 15 14 
12 16 12 
13 10 10 
14 10 9 
15 9 8 
16 4 7 
17 12 6 
18 6 5 
19 7 5 

~20 46 52 

*Stat ist ics are for 28 classes, prior to merging classes 20-28. 

Mean = 4.5469 Variance = 63.3681 p = 0.1358 b = 5.7423 

Chi Square = 30.093 X2(22,.95) = 33.924 

In this paper we examine these questions and develop a 
theoretical model which provides answers to them. 

METHODS 

Suppose a given compound occurs at some level in al l  samples of 
interest.  The actual ident i f icat ion of th is compound in a 
given sample depends on several factors such as the level of 
the compound in the sample, the effectiveness of the recovery 
method, and the sens i t i v i t y  and spec i f i c i ty  of the analysis 
(JANARDAN and SCHAEFFER 1979a). Thus, for any given sample, we 
w i l l  either not detect or w i l l  detect a compound which is 
actually present. Then the compound either wi l l  not appear or 
w i l l  appear one or more times in the l i s t s .  
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Let p be the p robab i l i t y  that  a given compound appears once in 
a given l i s t ;  1-p is the p robab i l i t y  that  i t  w i l l  not appear. 
Let X i be the number of times th is  compound appears in the 
i - t h  l i s t  ( i=1,2 . . . . .  n l i s t s ) .  Let b denote the maximum number 
of times the compound is expected to appear in the i - t h  l i s t .  
Recall that  a binomial (BERNOULLI) process is characterized by 
the condit ions that each analysis resul ts  e i ther  in detection 
or non-detection; the p robab i l i t y  of detection is denoted by p, 
and that of nondetection by I -p ;  each analysis is independent, 
and the outcome of any par t i cu la r  analysis is not affected by 
the outcome of any other analysis.  I t  is clear that  the 
mechanism by which compounds appear on the i - t h  l i s t  is 
described by the binomial d i s t r i bu t i on  (HAHN and SHAPIRO 1968) 
(Eq. 1): 

( I )  P(Xi=k) = (~)pk ( l -p )  b-k 

k = 0 ,1 ,2 . . . b ,  and i = 1 , 2 , . . . ,  n ( l i s t s ) .  

Let X=XI+X2 +, . . . .  +X n be the number of times a speci f ied 
compound appears in the merged l i s t .  Since the sum of binomial 
variables is also a binomial var iable,  the p robab i l i t y  of 
occurrence of th is  compound in n merged l i s t s  is given by: 

(2) P(X:m) : (b~)pm(1-p)bn-m m = 0 , 1 , 2 , . . . , b n .  

Equations 1 and 2 provide the p robab i l i t i es  that a given 
compound w i l l  appear in the i th  and the merged l i s t s ,  
respect ively.  

The real in tent  in merging l i s t s  is to describe the overal l  
environmental d i s t r i bu t i on  of al l  the compounds on the l i s t .  
Conceptually, a d i f f i c u l t y  now arises because Eqs. 1 and 2 
include those experiments in which the i th  compound has not 
occurred ( i . e . ,  where k or m=O). In forming the merged l i s t s  
a l l  compounds are considered but some compound, j ,  which was 
ac tua l ly  present in the environment may not be observed in 
these l i s t s .  Considered over al l  compounds in the merged l i s t ,  
m=O (Eq. 2) now implies that we have knowledge of the number of 
such unobserved compounds! Since th is  is not possible, Eq. 2 
is modified by l e t t i n g  Y equal the number of (nonzero) times a 
given compound has actual ly  been observed. Then 

(3) P(Y=k) : 1 ( d )  k-I { ( l_p+pt lb }k  l 

t=o 

P(Y:k) : ~ (~ ! l )  pk- l (1-p)bk-k+ l "  
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I f  the tota l  frequency of occurrence of all compounds in the 
merged l i s t  is N, the number of compounds occurring exact ly k 
(=1,2 . . . .  ) times is:  

(4) n k = N P(Y=k). 

The probab i l i t y  funct ion given by (3) is known as the 
Generalized Geometric D is t r ibu t ion  (GGD) (PLUNKETT and JAIN 
1975). 

DISCUSSION 

The GGD can be used to examine the questions raised before. In 
order to explore these questions, the model must be f i t t e d  to 
the actual data (such as in Table i )  of SHACKELFORD and KEITH 
(1976). In th is  case we wish to estimate p and b using the 
data in Table i .  These are obtained by the method of moments 
(HAHN and SHAPIRO 1968) as: 

(5) p : I - IS2/X2(X-1)) 

: X(X-I)2/(X2(X-I) -S2) 

where X and S 2 are the sample mean and variance, respect ive ly .  

For the data in Table 1, X=4.54, S=63.37, p=0.135846, 

b=5.74231. The theoret ical  frequencies (Eq. 4) are given in 
the last  column of Table I .  The computed chi-square (30.09) is 
less than the theoret ical  value of 33.92 at the 95% probab i l i t y  
level with 22 degrees of freedom. Thus, the chance that a 
given compound w i l l  appear in a par t icu lar  l i s t  is given by the 
estimated value of p (=0.1358). 

For the 175 l i s t s  comprising Table I ,  any given compound 
appears in approximately 14% (25) of the l i s t s .  Thus, as 
states begin to develop l i s t s  of the occurrence of compounds in 
the i r  waters, there is only a 14% chance of a spec i f ic  compound 
being found in a given l i s t .  Assuming that  the p r i o r i t y  
pol lutants are members of SHACKELFORD and KEITH's (1976) 
compilation, we in fer  that the p robab i l i t y  of observing any one 
of these compounds in a given s ta te 's  l i s t  is 14% and the 
p robab i l i t y  of observing t such pol lutants in the same l i s t  is 
(0.14) t . 

I f  a number of l i s t s  are avai lable,  the maximum number of times 
a given compound is expected to appear is given by b (=6). 
Thus, even i f  a compound is actual ly present f requent ly in the 
environment, i t  w i l l  probably not appear in any given l i s t  more 
than 6 times. I f  a given compound appears more frequent ly than 
t h i s ,  i t  suggests that  i t s  absolute rate of occurrence and 
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detection is greater than that anticipated based on Table 1. 
Such changes could result from improved detection procedures, 
higher levels of discharge which favor increased detection, a 
different data base ( i .e . ,  selection of sample types), etc. 
The low probability (14%) of observing a given compound and the 
low mean occurrence (4.5) mitigate against developing 
inferential procedures for quality assurance or compliance 
which rely on a decreased frequency of observation (less 
pollution) than heretofore obtained. 

I t  has been seen so far that the GGD (or the considerations 
leading to i t )  provides valuable environmental information. 
This is perhaps most important in the estimate i t  provides of 
the number of compounds already in the environment which we are 
l ikely to observe using present analytical techniques. Thus, 
the number of unobserved compounds is given as the frequency of 
the zeroth class, n o , by: 

(6) n o = ~l l-nk/mkl 

where n k is the observed number of compounds and m k is  the 
expected number compounds appearing exact ly k times ( in Table 
I ) .  

The estimated number of new compounds which could be found in 
another l i s t  similar in scope and size to SHACKELFORD and 
KEITH's is 351. This estimate compares exactly with those 
obtained by the authors using other techniques (JANARDAN and 
SCHAEFFER 1979b), where i t  is shown that in a single data base 
equal to SHACKELFORD and KEITH's, and in 24 such compilations, 
348 and 1,200 new compounds respectively are l ikely to be 
i dentified. 

CONCLUSION 

Simple considerations lead to a powerful but easily uti l ized 
model for predicting the behavior of trace organics in the 
environment. Obviously, this technique can be applied to many 
similar problems such as air pollution data, trace inorganics, 
etc. Further, a data base such as SHACKELFORD and KEITH's 
could be analyzed in subsets comprising various sample types 
such as finished drinking waters, specific industrial 
categories, etc. For each of these, relevant estimates can be 
obtained to guide the collection and interpretation of new data. 
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