
acid substitutions, Gautier (10) infers by 
various assumptions only 150. Of these 
150, 63 are disqualified as elements of a 
valid transition matrix because they are 
multiple-step substitutions. Of the re- 
maining 87, 34 are each based on a single 
inferred mutation. One such case is 
Arg -> Lys. From sampling error, the 
true number of substitutions could well 
be two or three rather than one. The 
reverse mutation Lys ---> Arg occurs on- 
ly eight inferred times with an associ- 
ated error of about + 3. This could 
explain entirely Gautier's abnormal result 
where the transition probabilities for 

Lys --> Arg and Arg -> Lys are listed as 
.0108 and .0048 (10), whereas Dayhoff 
finds (3) probabilities of .0023 and .0065, 
which are different both in magnitude 
and direction from the values calculated 
by Gautier. His finding that there are 
"more replacements of lysine to arginine 
than the converse" is therefore in- 
supportable. Lysine is consistently pres- 
ent in most proteins at levels higher than 
those expected from the genetic code, 
while the reverse is true for arginine 
(Table 1). There is no observed phyloge- 
netically dependent increase in arginine 
with respect to lysine in contemporary 
proteins. For a given protein family the 
proportions of these two amino acids is 
remarkably stable: for the cytochromes c 
isolated from 64 species, the percentage 
of lysine is 14.3 + 2.5 (standard deviation) 
percent and of arginine 2.2 + 0.6 per- 
cent. Gautier himself concludes (10) 
"Cependant le nombre trop faible de 
mutations decelees ne nous a pas permis 
d'obtenir des resultats certains sur ce 
probleme des tendances." Gautier's 
discussion has no bearing on the "ev- 
olutionary intruder hypothesis," which 
refers to an event postulated to have 
occurred 2 billion or 3 billion years ago, 
before the present genetic code was in 
existence. 

Glycine can be a helix-breaker, is less 
hydrophobic than alanine, and would be 
expected to be selected against relative 
to alanine in the interior of a molecule. 
Alanine is not a helix-breaker, is more 
hydrophobic, and is small enough to act 
as a "filler." 

Our model for the interaction between 
"selective and neutral mutations to give 
a picture of dynamic equilibrium in pro- 
tein evolution" can be obscure only if 
one has not read the literature (11). Gau- 
tier's supposition of what we mean is 
wrong: We do not believe and have not 
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Table 1. Amino acid distribution per 61 resi- 
dues. The codons for Arg, Cys, Gin, Glu, Gly, 
Leu, Lys, Ser, Trp, and Tyr can each go to a 
chain-terminating codon by a single base 
change. The frequency of occurrence of Gln, 
Glu, Gly, Lys, and Tyr is incompatible with 
any hypothesis which states that "amino 
acids which possess codons that can go to a 
chain-terminating codon in one step are se- 
lected against." 

Resi- * 

due a* bt ct d? ell 

Ala 4 5.3 5.2 5.3 4.9 
Arg 6 2.6 2.7 2.8 2.4 
Asn 2 3.0 2.7 
Asp 2 3.6 2.9 
Asx (4) (6.6) (6.5) (6.3) 0.5 
Cys 2 1.3 1.4 0.7 2.1 
Gln 2 2.4 2.2 
Glu 2 3.3 2.9 
Glx (4) (5.7) (6.5) (6.6) 0.6 
Gly 4 4.8 4.9 4.7 4.6 
His 2 1.4 1.3 1.2 1.3 
Ile 3 3.1 3.0 2.6 2.8 
Leu 6 4.7 3.9 5.1 4.5 
Lys 2 4.1 3.9 4.1 4.3 
Met 1 1.1 1.1 0.9 1.0 
Phe 2 2.3 2.3 2.4 2.1 
Pro 4 2.5 2.9 3.0 3.4 
Ser 6 4.5 3.8 4.7 4.8 
Thr 4 3.7 3.5 3.6 4.0 
Trp 1 0.8 0.8 0.5 0.7 
Tyr 2 2.3 2.0 2.2 2.1 
Val 4 4.2 4.1 4.2 4.2 

*From the genetic code table. tFrom (4). 
tFrom (1). ?From (2). IlFrom (3). 
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cine and valine interchanges are neutral; 
some may be, and, for those, genetic 
drift would play a part. 

Because of the paucity of data or refer- 
ences to the literature in Gautier's com- 
ment, and the variance of his theoretical 
inferences from a significant body of ex- 
perimentally established fact, we cannot 
credit his conclusions. 
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We observed in preparing Table 1 
(footnote) that five of the ten amino acids 
which possess codons that can mutate to 
a chain-terminating codon by a single 
nucleotide replacement are present in 
frequencies in excess of expectation 
(Table 1). One might have anticipated a 
selection against these ten amino acids, 
but, as a class, such codons are clearly 
not strongly selected against. 

THOMAS H. JUKES 
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HERBERT MOISE 
Space Sciences Laboratory, University 
of California, Berkeley 94720 
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Acid Precipitation: Strong and Weak Acids Acid Precipitation: Strong and Weak Acids 

In a recent report Frohliger and Kane 
(1) have made various assertions con- 
cerning the acid character of rain. Their 
concluding remarks (1) perhaps best sum- 
marize these assertions: "The presence 
of weak acid species in precipitation 
casts additional doubt on the idea that 
the pH of rainfall was ever controlled by 
the solubility of CO2 in the precipitation 
and discredits the assumption that strong 
acids account for the presently observed 
pH value." Considering the scientific 
and environmental implications of this 
statement, a careful and complete exam- 
ination of the facts and their inter- 
pretation is in order. 
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Frohliger and Kane report on samples 

from 26 selected precipitation events col- 
lected during a 5-month period (Decem- 
ber through May) in Pittsburgh, Pennsyl- 
vania (2). The data are in the form of two 
chemical parameters per sample, pH and 
total acidity (integrated over a pH range 
of < 5 to - 9). They report pH values 
ranging from 4.12 to 5.78, and a buffer in- 
tensity 2 to 100 times greater than antici- 
pated for pure water or an unbuffered 
acid, and then infer that the proton do- 
nors in their precipitation samples are 
weak acids. From these data, they dis- 
count the presence and function of 
strong acids in precipitation. They arrive 
at the latter conclusion by means of an in- 
complete syllogism. Their arguments run 
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as follows: if weak acids are present in 
precipitation, then strong acids are not 
present in precipitation. The coexistence 
of weak and strong acids in solution and 
their relative roles in controlling pH are 
not considered. 

The specific issue, however, is exactly 
what acid species were responsible for 
the ambientpH values that Frohliger and 
Kane observed. Total acidity values as 
reported by Frohliger and Kane are infor- 
mative but not adequate to answer this 
question. Only a complete chemical anal- 
ysis of their samples would provide the 
necessary information. Lacking such in- 
dependent data, total acidity values can 
be variously interpreted. 

The presence of weak acid, notably 
carbonic acid, is well documented in con- 
temporary precipitation (3) and in fossil 
precipitation preserved as glacial ice (4). 
From a historical perspective, the pH of 
glacial ice (102 to 104 years old) is particu- 
larly interesting; pH values are generally 
greater than 5 (4) and thus are consistent 
with the prevailing concept of "normal 
rain" (5). The presence of weak acids in 
precipitation is not seriously questioned 
by others who have addressed the prob- 
lem of "acid rain." On the contrary, 
those of us engaged in the Hubbard 
Brook Ecosystem Study have already 
made a point of the role and functioning 
of weak acids in precipitation (6). 

Weak organic acids with low pK val- 
ues (where pK is the negative logarithm 
of the equilibrium constant) could con- 
tribute to the free and total acidity of pre- 
cipitation if present in substantial quan- 
tities (that is, I1 mg/liter). However, 
Frohliger and Kane have not chemically 
identified any such acids in their sam- 
ples. We have found that in other areas 
of the northeastern United States organ- 
ic acids are present only irregularly and 
in very small amounts in precipitation 
(6). Weak organic acids with high pK val- 
ues such as phenols and polyphenols 
would be included in any integrated acid 
analysis if the titration were continued to 
values as high aspH 9. Yet such acid spe- 
cies would be almost completely undisso- 
ciated at pH < 5 and would, consequent- 
ly, exert no sensible control on pH values 
at the low end of the pH scale. The 
average annual pH of precipitation over 
the northeastern United States currently 
is less than 5 (7, 8). 

By titrating over a large pH range (< 5 
to - 9), Frohliger and Kane have includ- 
ed a spectrum of potential proton donors 
in addition to weak acids per se. Proton 
donors of this sort are called Br0nsted 
acids (9, p. 70). Likely Br0nsted acids in 
precipitation include NH4+, dissolved 
Al, dissolved Fe, silica particles, clay 
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Table 1. Arithmetic mean of the annual bulk 
precipitation at the Hubbard Brook Experi- 
mental Forest in New Hampshire during 
1963-1974. Results are based on chemical 
analyses of samples obtained weekly through- 
out each year. The cation and anion sums are 
not statistically different. 

~Mean Standard deviation 
Ion concentration eaton 

(eq/liter) of the mean (eq/liter) (ueq/liter) (~ueq/liter) 
Ca2+ 8.6 1.1 
Mg2+ 3.7 0.7 
K+ 1.9 0.5 
Na+ 5.4 0.6 
NH4+ 12.1 0.7 
H+ 73.3 3.0 
S042- 59.7 2.4 
NO3- 23.1 1.7 
C1- 14.4 2.5 
P043- 0.25 

Sum for cations = 105.0 + 3.4 teq/liter 
Sum for anions = 97.45 ? 3.9 xeq/liter 

particles, and organic detritus. Any of 
these substances present in sufficient 
amounts could completely account for 
the observed total acidity in the precipi- 
tation samples collected by Frohliger 
and Kane. For example, 0.5 mg of NH4+ 
per liter and 0.5 mg of Al:+ per liter could 
provide 28 and 56 ,eq/liter, respectively, 
in a total acidity titration done from pH 4 
to 9. Before the total acidity values of 
Frohliger and Kane can be uniquely at- 
tributed to weak acids, it is necessary to 
show that Br0nsted acidity is no factor in 
their samples (10). 

Carbonic acid represents a special 
case. If a water sample were in contin- 
uous equilibrium with the atmosphere, 
H2CO and its dissociation products 
would contribute 20 /eq/liter at pH 5 and 
about 5000 /ueq/liter at pH 9 to the experi- 
mentally measured total acidity via titra- 
tion (9, p. 127). In contrast, the free acid- 
ity (ambient pH) of a precipitation sample 
at pH 5 would be about 10 /eq/liter. At 
pH < 5, H2CO:3 would be virtually un- 
dissociated and thus not contribute at all 
to the ambient pH value (9, p. 127). 
Obviously, great care must be exercised 
during the titration of a precipitation 
sample to avoid the inclusion of CO2 
from the atmosphere; otherwise, mis- 
leading data on the relationship between 
the total acidity and free acidity of am- 
bient precipitation samples could be ob- 
tained. Since CO2 apparently was not ex- 
cluded during titration of the precipi- 
tation samples studied by Frohliger and 
Kane, their results are highly question- 
able (1, 11). 

Because Frohliger and Kane have not 
accounted for the state of C02, Bronsted 
acids, or weak organic acids in their pre- 
cipitation samples, the meaning of their 

total acidity values is therefore equivo- 
cal, and their conclusions about the 
source of proton donors in precipitation 
are unsubstantiated and unwarranted. 

In the Hubbard Brook Ecosystem 
Study over 1500 precipitation samples 
have been collected and chemically ana- 
lyzed during the past 1 years (Table 1). 
Results have included data on total in- 
organic chemistry, organic acid analysis, 
and acid-base titrations. The ionic bal- 
ance in the precipitation chemistry at 
Hubbard Brook argues that, overall, no 
major anionic constituents have been 
missed. These data describe a dilute solu- 
tion of H2SO4 and HNO:s with some con- 
taminants, and therefore strong acids are 
responsible for the ambient pH in this 
rural forested area. Any other inter- 
pretation of these data would require the 
postulation of strange or extraordinary 
chemical effects. Similar long-term chem- 
ical data from the eastern United States 
and northern Europe make a powerful 
case for the presence of strong acids in 
contemporary precipitation on both a lo- 
cal and a regional basis (7, 12). 

The predominance of unbuffered, 
strong acids in precipitation at Hubbard 
Brook is further demonstrated (i) since 
Cogbill and Likens (8) have shown that 
pH may be calculated with high pre- 
cision from a stoichiometric relationship 
between the major ions in precipitation 
at pH < 5 and (ii) since the slope of titra- 
tion plots for H+ concentration versus 
the concentration of strong base for pre- 
cipitation samples at pH < 5 is -1. 

In summary, the meaning of the total 
acidity data published by Frohliger and 
Kane is impossible to assess, given the 
incomplete information on collection and 
analytical techniques and the absence of 
complementary chemical data. Further- 
more, their data base is severely limited 
in both time and space. Yet, from these 
data sweeping generalizations were made 
about the chemical nature of rainfall 
around the world and in the geologic 
past. Because of their ambiguous nature, 
the data of Frohliger and Kane are not il- 

luminating regarding the acid chemistry 
of precipitation. Certainly these data do 
not provide any basis for dismissing the 
presence of strong mineral acids in pre- 
cipitation as Frohliger and Kane have 
done. 

The central question in the "acid rain" 
problem is not whether weak acids are 
present in precipitation. Rather the seri- 
ous issues are the following: Do the 
strong acids and heavy sulfur and nitro- 
gen loads in some contemporary precipi- 
tation come from anthropogenic sources? 
What trends exist in the geographic 
distribution and intensification of acid 
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precipitation? What are the environ- 
mental stresses elicited by both strong 
and weak acids in precipitation? Scien- 
tists addressing these and like problems 
are entitled to the usual standards of 
quality control for data published in their 
fields. 
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17 September 1975 

Frohliger and Kane (1) have drawn 
some inferences about the nature of the 
acid present in precipitation as a result of 
an analysis of 26 precipitation samples. 
However, on the basis of the experimen- 
tal details in their report, I have consid- 
erable doubt about the accuracy of their 
results and thereby about the validity of 
the conclusions based on those results. 

First, all of their results are based on 
the analysis of precipitation samples 
which had been preserved by freezing. It 
is therefore crucial to the arguments of 
Frohliger and Kane that no changes took 
place in their samples after collection but 
before analysis, and yet they report no 
control experiments to demonstrate that 
no changes in the samples took place. In 
fact, such changes might be expected to 
occur because precipitation has little buf- 
fering capacity and thus is very suscep- 
tible to changes in pH. Roberson et al. 
(2) have reported on the marked changes 
in pH that can take place in such waters 
when the measurement ofpH is delayed, 
even when the sample is kept in a com- 
pletely full, sealed container. Philbert (3) 
has reported that the preservation by 
freezing of the relatively unbuffered wa- 
ters of Lake Ontario and Lake Huron 
leads to changes in the alkalinity of such 
samples. 

Both Roberson et al. and Philbert give 
a number of possible explanations for the 
observed changes. Two of these are the 
loss of dissolved CO2 and the precipi- 
tation from solution of materials that do 
not readily redissolve. It is well known 
that dissolved gases are expelled from 
liquids upon freezing. Thus it would not 
be surprising if much of the CO, and oth- 
er gases present in the acidic precipi- 
tation samples of this study were lost 
when the "almost full" sample contain- 
ers were frozen. This loss of dissolved 
gases would lead to an increase in pH 
and thus to a decrease in the free acid 
present in the thawed samples. Also, as 
freezing occurs, the liquid remaining be- 
comes progressively more concentrated. 
Thus dissolved materials from rainfall or 
thawed snow samples undergoing freez- 
ing may precipitate out. Other reactions 
such as the exchange of protons for cat- 
ions on particulate matter in the freezing 
solutions could be promoted at the high- 
er concentrations. 

To check on the stability ofpH in fro- 
zen precipitation samples, I have taken 
and remeasured the pH of 21 precipi- 
tation samples collected in Chicago over 

the past 2 years for which initial pH 
measurements had been made immedi- 
ately upon collection. These samples had 
been collected in polyethylene buckets 
and had been kept frozen in polyethylene 
containers since their collection except 
for one or more thawings to remove 
representative portions for other analy- 
ses. When these samples were thawed 
and their pH was remeasured, it was 
found to have increased by an average of 
0.54 + 0.68 pH unit; that is, the free acid 
present had decreased by a factor of 3.4. 
The changes ranged from a decrease of 
0.24 pH unit to an increase of 2.42 pH 
units. For comparison, the average dif- 
ference between the free and total acid 
for each of the samples reported in the 
study of Frohliger and Kane was calcu- 
lated from the data in their table 2 to be a 
factor of 6.47. 

Second, although Frohliger and Kane 
demonstrated that precipitation samples 
are buffered below pH 7, part of their 
proof rests on the assumption that these 
same samples are not buffered above pH 
7. This is done in equation 5 where they 
assume that the excess base used in the 
titration, OH-xs, can be calculated just 
by measuring the pH of the solution after 
the titration is complete. If this final solu- 
tion is at all buffered above pH 7, then 
this correction for excess base used in 
the titration will be too low and will re- 
sult in a value for the total acid in 
their samples which is high. The few ti- 
trations that have been carried out in our 
laboratory on precipitation samples (4) 
indicate that these samples are buffered 
above pH 7 as well as below. This buffer- 
ing at high pH could be due to such basic 
materials as NH,, proteins, and silicates, 
which are known to be present in precipi- 
tation. Moreover, if the solutions being 
titrated were not protected from the at- 
mosphere, the absorption of CO2 by the 
solution would continually increase the 
magnitude of this error. A further com- 
plication is that the final pH in the titra- 
tions of Frohliger and Kane was different 
for each sample titrated. 

In their control experiments for the ti- 
tration Frohliger and Kane utilized 
H2SO4. However, because H2SO4 is a 
strong acid, it does not show buffering ef- 
fects in the range of the pH measure- 
ments as the precipitation samples do. 

Finally, small precipitation events usu- 
ally have higher concentrations of partic- 
ulate matter and gases scavenged from 
the atmosphere than big events. Like- 
wise, the early precipitation in a big 
event is usually more concentrated in 
scavenged material than the later precipi- 
tation in that event (5). In the study con- 
ducted by Frohliger and Kane, a maxi- 
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mum of one bottle of precipitation was 
collected for each event. This type of 
sample selectivity could bias any results 
obtained (6), making them unrepresenta- 
tive of the precipitation as a whole. 

The major result of the study of Frohli- 
ger and Kane is that the total acid con- 
centration of precipitation is much high- 
er than the free acid concentration. How- 
ever, the two possible sources of error 
discussed above either decrease the free 
acid concentration or increase the total 
acid concentration and thus these errors 
might be responsible for many of the dif- 
ferences found. 

THOMAS J. MURPHY 

Department of Chemistry, 
DePaul University, 
Chicago, Illinois 60614 
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8 September 1975 

Frohliger and Kane (1) have reported 
acid-base titration figures for precipi- 
tation samples from a suburban site in 
Pennsylvania, and they have drawn 
some conclusions that are not fully sub- 
stantiated by the data presented. Data 
from the European Air Chemistry Net- 
work (2), as well as from measurements 
in connection with the OECD Programme 
(3), indicate that the main chemical 
species in precipitation are SO42-, NH4+, 
and NO3-. The precipitation acidity 
(free H+ at pH e 5) is generally deter- 
mined by the difference 

[H+] = 2[SO42-] + [NO3-] - [NH4+] 

If the titration procedure described by 
Frohliger and Kane is used, some 
NH4+ ions (pKa = 9.25 at 25?C, where 
pKa is the negative logarithm of the disso- 
ciation constant) and dissolved CO2 will 
be titrated as weak acids. In order to un- 

Table 1. Precipitation chemistry data from 
Birkenes, Norway, April to June 1973 (48 sam- 
ples). . . .~ ~~~Weghe 

lnWeighted Weis hted 

co ncentr deviation from the mean 

H+ 68 x 10-6M 39 x 10-6M 
NH4+ 47 x 10-6M 34 x 10-6M 
NO3- 31 x 10-6M 24 x 10-6M 
SO42- 44 x 10-6M 28 x 10-6M 
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derstand the significance of the results of 
Frohliger and Kane, it is necessary to 
know the concentrations of NH4+ and 
the precautions taken to remove CO2 
from the precipitation samples. 

A program of chemical analysis for 
precipitation samples should include spe- 
cific methods for determining the concen- 
trations of SO42-, NH4+, NO3-, and oth- 
er components. It should also be realized 
that (NH4)2S04 may act as a strong acid 
in a natural ecosystem. Our experience 
(3) is that the proportion of NH4+ to 
SO42- increases in air masses with conti- 
nental origin. In contrast to Frohliger 
and Kane's reference to Granat's results 
(2), we find a very high correlation be- 
tween SO42- and free H+ at Norwegian 
sites (correlation coefficient r = .8 to 
.9). Typical concentrations of major 
components are shown in Table 1. Obvi- 
ously, the good correlation is due to the 
high acidity. Sites with higher NH4+ con- 
centrations will give poor correlation. 

Weak organic acids are probably also 
present in precipitation samples. We 
feel, however, that more direct evidence 
is required to prove their occurrence in 
significant amounts. The chemical com- 
position must also be known if the eco- 
logical effect is to be considered. 

JAN SCHAUG 
AARNE SEMB 

Norwegian Institute for Air 
Research, P.O. Box 15, 
2007 Kjeller, Norway 

References 

1. J. 0. Frohliger and R. Kane, Science 189, 455 
(1975). 

2. L. Granat, Tellus 24, 551 (1972). 
3. Cooperative Technical Programme to Measure 

the Long-Range Transport of Air Pollutants, 
Organization for Economic Cooperation and De- 
velopment, Paris, 1972. 

7 October 1975 

I object strongly to the conclusions of 
Frohliger and Kane (1). Their data, with 
which I have no quarrel, indicate that 
Pennsylvania rainfall can contain as 
much as 43 x 10-5 mmole/ml of "weak 
acids," while the "free [H+]" is usually 
less than 8 x 10-5 mmole/ml. This find- 
ing, they claim, "discredits the assump- 
tion that strong acids account for the 
presently observed pH value." The fact 
is that weak acids exert no control over 
the pH of a solution which has a pH 
much smaller than the pKa (the negative 
logarithm of the equilibrium constant) of 
the acid; that is, once the weak acid is to- 
tally in the protonated form (HA), a 
stronger acid can lower the pH just as it 
would if no weak acid were present. 

It may indeed be that the dissolution of 
anions of weak acids (A-) might raise the 
pH of a mineral acid solution by remov- 

ing some of the free H+; this dissolution 
could account for the lack of the correla- 
tion between the free H+ and anions such 
as SO42- in precipitation. One might, in 
fact, expect to find a fair amount of such 
weak acids and their anions in an atmo- 
sphere where substantial quantities of 
coal are burned. Since the pKa of the 
most common carboxylic acids is in the 
range of 4 to 5, it is even possible that 
there are some unprotonated anions pres- 
ent. Their degree of protonation, how- 
ever, and therefore the pH, can easily be 
altered by the addition of a stronger acid, 
such as H2SO4. For this reason I must ar- 
gue that the presence of large quantities 
of weak acid in rainfall is not inconsist- 
ent with the idea that the species low- 
ering the pH is H2S04 or some other 
strong acid. 

BARRY J. HUEBERT 

Department of Chemistry, Colorado 
College, Colorado Springs 80903 
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2 September 1975 

Frohliger and Kane (1) have reported 
data they claim supports the hypothesis 
that acidic precipitation is a solution of 
weak acids. There is no evidence for this 
hypothesis from European precipitation 
samples, in which the measured pH is in 
good agreement with the predicted acid- 
ity based on the concentrations of major 
ions (2). Furthermore, the experimental 
data offered by Frohliger and Kane do 
not provide evidence for the weak acid 
hypothesis. 

The titrations described by Frohliger 

Table 1. Chemistry and titration data for 
precipitation collected in Oslo, Norway. 
Means and standard deviations of quadrupli- 
cate determinations are expressed as micro- 
moles per liter. 

Fr 

IN 
[H 
4 r 

Episode 1, 
Component 2 October 

1975 

ree acid, [H+] 57 -+ 4 
(pH 4.25) 

IH4+] 42 + 3 
[2CO31 12 
Total acid" 123 ? 7 
calculated, 
[HA], that 
is, [H+] + 
[NH4+] 
+ 2[H2CO3] 

"Total acid" 
titrated, [HA] 

[S042-] 
[NO3-] 

With N2, 
109 ? 8 

Without N2, 
135 + 4 

47 ? 3 
29 ?+ 2 

Episode 2, 
4-5 October 

1975 

18 ?+ 2 
(pH 4.75) 

6 ? 4 
12 
48 ?+ 6 

With N2, 
45 ?+ 15 

Without N2, 
80 ? 24 

15 ? 4 
3+ I1 

"Total acid" due to titration procedure (%) 
20 45 
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and Kane were not carried out in a CO2- 
free environment; an appreciable amount 
of the titrant was used merely to neu- 
tralize the atmospheric CO2 that is incor- 
porated into the sample during the titra- 
tion. If titrations are carried out in an N2 
environment, much of the "total acid" 
disappears. 

We collected rain near Oslo during 
two events and titrated quadruplicate 
samples, using Frohliger and Kane's pro- 
cedure and also in an N2 environment. In 
addition, we measured in triplicate the 
concentrations of S042- and NO3-, the 
two principal anions in acid rain, and 
NH4+, a common constituent of acid 
rain. We calculated the dissolved CO2 
concentrations using a partial pressure 
for CO2 of 3.2 x 10-4 atm and a solu- 
bility of 39 moles of H2CO3 per liter of 
water per atmosphere of CO2 at 20?C (2). 

The results (Table 1) demonstrate that 
the amount of "total acid" depends on 
the titration procedure. Without taking 
precautions to exclude atmospheric CO2 
during titration, 20 to 50 percent of the 
"total acid" is due to the incorporation 
of atmospheric CO2. In a C02-free envi- 
ronment the titrated "total acid" is due 
to a combination of the free acid, NH4+, 
and dissolved CO2 in the fresh sample. 
The S042-, N03-, and free acid concen- 
trations show that these acid precipi- 
tation samples are dilute solutions of 
strong acids, namely, H2SO4 and HNO3; 
there is no evidence for a significant con- 
tribution from weak acids. 

RICHARD F. WRIGHT 
ARNE HENRIKSEN 

Norwegian Institutefor Water Research, 
P.O. Box 333, Oslo 3, Norway 
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2 December 1975 

There appear to be two major con- 
cerns over our report (1) on the weak 
acid nature of precipitation. The first cen- 
ters around the methodology of our titra- 
tion procedure. The second is related to 

Table 1. Comparison of synthetic rain and actual rain; ppm, parts per million; N.D., not detect- 
able; [HA]T, total acid present in solution. 

[H+] [HA]T [S042-] 
Sample pH (mole/ (mole/ pK (mole/ ulfate [HJ/ 

liter) liter) liter) (ppm) [so41 

Synthetic 5.61 2.46 x 10-6 3.75 x 10-5 6.8 N.D. N.D. 
pure 

Synthetic 5.47 3.39 x 10-6 3.76 x 10-5 6.5 N.D. N.D. 
pure 

Synthetic 3.19 6.46 x 10-4 5.69 x 10-4 oc 2.68 x 10-4 25.8 2.1 
acid 

Synthetic 3.21 6.17 x 10-4 6.11 x 10-4 ca 2.81 x 10-4 27.0 2.2 
acid 

Actualrain* 4.12 7.59 x 10-5 1.54 x 10-4 4.1 2.71 x 10-5 2.6 2.8 

Actual raint 4.29 5.13 x 10-5 2.88 x 10-4 4.9 8.33 x 10-5 8.0 0.61 

*7 to 9 April 1974. t17 May 1974. 

the interpretation of the results. We 
would like to describe an experiment 
which should answer both questions at 
the same time. 

In May 1975, Cowling (2) asked us to 
use our procedure to analyze samples of 
simulated rain similar to that used in a re- 
search project of Shriner (3). The results 
of these analyses together with the analy- 
ses of two actual rain samples are shown 
in Table 1. 

The samples labeled "synthetic pure" 
are Cowling's deionized water. Our anal- 
ysis shows that this sample is indeed a di- 
lute solution of a weak acid with apK val- 
ue (the negative logarithm of the equilib- 
rium constant) of about 6.6. The pK1 of 
carbonic acid is 6.4. 

The samples labeled "synthetic acid" 
are the same deionized water with H2SO4 
added to yield a pH of 3.2 + 0.1. The 
measured pH of this solution was 
3.2 ? 0.01. The 10 percent accuracy of 
the titration procedure is due to the fact 
that the calculation is based on two pH 
measurements. The titration does not 
show the incorporation of atmospheric 
CO2 during the titration. The ratio of 
[H+] to [S042-] is also within 10 percent 
of the stoichiometric ratio. The results 
are within our acceptable error limits. 

The last two samples listed in Table 1 
are actual rain samples collected at our 
collection site. Neither these samples 
nor the other rain samples examined in 

this laboratory yield constituent values 
that could be identified with either the 
synthetic pure or the synthetic acid 
samples. 

Our acidity study shows that precipi- 
tation has some buffering capacity. Pre- 
cipitation has a reservoir of H+. At this 
stage of our research, we are not able to 
speculate on the composition of precipi- 
tation except to point out that it does not 
have the chemical characteristics of a di- 
lute H2SO4 solution or of a mixture of 
mineral acids. Since precipitation collect- 
ed at the present time is more than a di- 
lute solution of mineral acids, it is diffi- 
cult to postulate that at some time in the 
past the acidity of precipitation was con- 
trolled solely by the solubility of CO2 in 
water. 

JOHN 0. FROHLIGER 
Graduate School of Public Health, 
University of Pittsburgh, 
Pittsburgh, Pennsylvania 15261 

ROBERT KANE 
Federal Power Commission, 
825 North Capital Street, NE, 
Washington, D.C. 20426 
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