
tration expected in equilibrium with the 
atmosphere (Fig. 1). Figure 1A shows the 
measured and theoretical values for dis- 
solved N 2 0  in water from one seep in the 
whole-tree harvested watershed. The area 

Transport and Loss of Nitrous Oxide in Soil Water 
After Forest Clear-Cutting 

Whole-tree harvesting increased the concentration of nitrous oxide dissolved in soil 
water by two orders of magnitude over the concentration expected in equilibrium with 
the atmosphere. In contrast, the nitrous oxide content of soil water in an intact, 
second-growth forest was close to the expected theoretical value. Nitrous oxide, 
produced at active sites in the soil, dissolves in soil water and is transported to seeps 
and streams where it rapidly degasses from the solution and is released into the 
atmosphere. This loss of nitrous oxide after clear-cutting is not important to the 
nitrogen economy of the site; however, it may be important to the global atmospheric 
budget of nitrous oxide. Sources of nitrous oxide may have been overlooked because 
nitrous oxide emissions can be separated in time and space from the sites of the most 
intense production of nitrous oxide. 

R ESEARCH AT THE HUBBARD 
Brook Experimental Forest 
(HBEF) in New Hampshire 

(43"56'N, 71°45'W) has shown that various 
harvesting practices stimulate the loss of 
dissolved ionic forms of nitrogen, especially 
nitrate, in stream water (1). Nitrate loss was 
attributed to an increase in the activity of 
autotrophic (2) and possibly heterotrophic 
(3) nitrifiers. This response is not universal 
in forests (4) ,  but it is common (5). 

We questioned whether the production of 
NO3- after clear-cutting also stimulates the 
production of gaseous nitrogen compounds 
(specifically N 2 0  and N2) by either nitrifica- 
tion (6) or denitrification (7). Typically, 
open or closed chambers are used to deter- 
mine the diffusive flux of N 2 0  or N2 from 
soil directly into the atmosphere (8). How- 
ever, N 2 0  is highly soluble in water, and it 
has been suggested that the transport of 

(Fagusgrandifolia Ehrh.), and yellow birch 
(Betula alleghaniensis Britt.), with stands of 
red spruce (Pzcea rubens Sarg.) and balsam 
fir [Abies balsamea (L.) Mill.] at the highest 
elevations. Soils are typic frigid Haplorth- 
ods (podzols) of the Littleton formation. 
The HBEF and experimental watersheds are 
described in detail elsewhere ( lo) .  

At each seep two water samples were 
collected in 50-cm3 glass syringes, fixed in 
the field, and transported immediately to the 
laboratory for analysis ( l l ) ,  usually within 5 
to 24 hours. Dissolved N 2 0  in the samples 
was estimated by multiple equilibration with 
high-purity helium (12). Nitrous oxide was 
analyzed by electron-capture gas chroma- 
tography (13). 

Whole-tree harvesting increased the con- 
centration of N 2 0  dissolved in soil water by 
two orders of magnitude over the concen- 

N2° soii'ater be in Table I .  Decrease in concentration of dissolved 
some cases (9). We report here that N20, N,O as nitrozen (mean & 1 SEM. n = 2. unless 
produced microbiolog~cally in the soil and noted othedse)  'between the soirce k d  sites 
dissolved in soil water, eventually emerges in immediately . . downstream from a seep in the cut 

seeps and streams where it degasses into the 
atmosphere. Emissions of N 2 0  to the atmo- sample Distance Concen- 
sphere may be separated in time and space date from tration 
from sites of N 2 0  production; consequent- (1984) source (4 ( kglliter) 
ly, important sources of N20 may have been 
overlooked. Water samples were collected 
from seeps, where saturated flow within the 
soil emerges naturally to become stream 
water. Seeps were sampled in a whole-tree 
harvested watershed and in various 70-year- 
old, second-growth watersheds at the 
HBEF. The watersheds range in size from 
12 to 43 ha and in elevation from 500 to 
800 m. Dominant trees are sugar maple 
(Acer smcharum Marsh.), American beech 

23 April 0 
10 

13 June 0 
2 

9 July 0 
30 

21 August 0 
4 

3 October 0 
2 

20 

around this seep was harvested about 6 
months before the first sample date. The 
theoretical value is based on measured water 
temperature, an assumed atmospheric con- 
centration of 300 parts per billion (14), and 
the theoretical solubility of N 2 0  at zero 
salinity (15). The theoretical value is rela- 
tively insensitive to small errors in water 
temperature or in the assumed atmospheric 
N 2 0  content (16). The N 2 0  content of 
water from seeps in the uncut, second- 
growth forest was similar to the expected 
theoretical value (Fig. 1B). 

The content of dissolved N?O in soil 
water from cut and uncut areas is controlled 
by different factors. The solubility of N 2 0  in 
water increases as temperature decreases. 
This physical control is evident in data from 
the uncut watersheds (Fig. 1, B and C) 
where the N 2 0  content in soil water is close 
to the value predicted on the basis of tem- 
perature alone, rising and falling only slight- 
ly with seasonal temperature changes. In 
contrast, the N 2 0  content of the seep in the 
cut watershed ranges over two orders of 
magnitude and peaks in the warmest months 
(Fig. 1, A and C). The likely sources of this 
N20 are nitrification and denitrification. 
both microbiological processes that are posi- 
tively correlated with temperature (1 7) .  

Nitrous oxide dissolvedin soil water rap- 
idly degasses from the solution to the am:- 
sphere (Table 1).  It is unlikely that the 
observed decrease in N 2 0  is due to biologi- 
cal reduction within the s t r e 9  (18) since 
the stream is well aerated and the transit 
time between the sample pairs in Table 1 is 
on the order of minutes. Consequently, 
unlike the loss of ionic forms such as NO3-, 
the loss of N 2 0  from watersheds cannot be 
assessed from simple hydrologic and chemi- 
cal measurements at a downstream outlet. 

Elevated levels of N 2 0  in soil water occur 
only & the harvested watershed (Table 2). 
In the harvested watershed area (22.2 ha), 
the population of seeps is small. Although 
the variability between seeps and between 
sample dates is high, dissolved N 2 0  in soil 
water tends to be high for all seeps sampled 
in the harvested watershed and is uniformly 
low in uncut areas (Table 2). 

Approximately 7.3 kg of nitrogen as N 2 0  
(0.33 kg of nitrogen per hectare) were lost 
from the entire cut watershed by degassing 
from soil water between April 1984 and 
October 1985 (19). This increase in export 
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Table 2. Variability of dissolved N 2 0  concentrations as nitrogen (mean 2 1 SEM, n = 2, unless noted 
otherwise) between different seeps on three dates in the cut and uncut areas. 

of N 2 0  by degassing is similar to the mea- 
sured increase in soil-air diffusion of N 2 0  
from the harvested watershed (20). For 
comparison, the loss of NO3- alone from 
stream water from April 1984 to April 1985 
was approximately 729 kg of nitrogen (32.8 
kg of nitrogen per hectare) for the same 
watershed. Consequently, although the con- 
centration of N 2 0  in soil water increases 
dramatically after whole-tree harvesting, the 
mass of nitrogen lost by degassing is proba- 
bly a small part of the total nitrogen export- 
ed from this particular forest after harvest- 
ing. 

This additional source of N 2 0  may be 

Vegetation Temperature Concentration (~glli ter)  Sample date 
type* ("c) Theory Measured 

Cut 
13.9 
15.7 
22.9 
20.6 

8.5 
11.3 

13.2 
10.6 
14.3 

Uncut 
13.0 
13.0 
13.4 

10.3 
8.0 
9.5 

21 August 1984 SF 
MHW 
MHW 
MHW 

3 October 1984 SF 
MHW 

6 June 1985 SF 
MHW 
MHW 

important to the global budget of atmo- 
spheric N20.  The existing literature on the 
relations between landsca~e disturbance and 

21 ~u 'gus t  1984 MHW 
MHW 
MHW 

N 2 0  emissions to the atmosphere is based 
on soil-air difision measurements. Trans- 
port of N 2 0  by soil water and subsequent 

3 October 1984 MHW 
MHW 
MHW 

6 June 1985 MHW 
MHW 

degassing have hot been quantified for natu- 
r&disturbances, such as fire or storm dam- 

MHW 7.5 0.367 0.480 * 0.003 age, or for anthiopogenic disturbances, such 
MHW 14.1 0.288 
MHW 7.8 0.362 0.212 + 0.054 

0.231 ' 0.062 as other types of forest harvesting practice, 

MHW 7.1 0.372 0.432 O.OO1 urban development, and agricultural prac- 
MHW 8.6 0.352 0.494 + 0.008 tices (especially fertilization and irrigation). 

The additional export of N 2 0  is easy to 
*SF, s mceifir; MHW, mixed hardwoods (maple, beech, and birch); refers to former vegetation on watershed 
5 .  ?This site was cut less than 1 month before the sample date, so the microbial pulations res onsible for N 2 0  because it may be temp0- 
production mag not have had time to establish The other sites had been cut for at E s t  6 months iefore sampling. rauy and spatially from expected sites of 

EZl Theoretical W a uncut I 

L Apr. 
June July 

[54 Measured I 

0.4 

a, a, 

0.2 
... +. 

0 
Apr. June July Aug. Oct. Feb. May June July Oct. 

I - 
Z 0 8  

Fig. 1. Theoretical and measured concentrations of dissolved N 2 0  as 
nitrogen in soil water from (A) a seep in the middle of the cut watershed 
and (B) various seeps within uncut watersheds. (C) Water temperature 
for the samples in (A) and (B). Error bars represent *1 SEM for two 
independent samples unless noted otherwise. Because of dry conditions 
in late 1985. no water could be collected from seeps in the uncut area. 

0 
CU 
z 

Note the change in scale between (A) and (B). 
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N 2 0  production. If the stimulatory effect of 
soil disturbance on soil-water transport of 
N 2 0  is as large at other disturbed sites as it 
is at HBEF, then the total N 2 0  emission 
rate (soil-air diffusion plus soil-water degas- 
sing) from disturbed soils may be higher 
than previously reported (21 ) . 
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Placers of Cosmic Dust in the Blue Ice 
Lakes of Greenland 

A concentration process occurring in the melt zone of  the Greenland ice cap has 
produced the richest known deposit of cosmic dust on the surface of the earth. 
Extraterrestrial particles collected from this region are well preserved and are 
collectable in large quantities. The collected particles are generally identical to cosmic 
spheres found on the ocean floor, but a pure glass type was discovered that has not 
been seen in deep-sea samples. Iron-rich spheres are conspicuously rare in the collected 
material. 

T YPICALMETEOROIDS IN THE 0.1- TO 

1-mm size range melt during entry 
into the atmosphere to form "cosmic 

spheres." The spheres, and the rare particles 
that enter without melting, are an important 
resource of extraterrestrial material that is 
probably a relatively unbiased sampling of 
the millimeter meteoroids that traverse the 
inner solar system. Particles of this size 
produce visual meteors in the night sky and 
account for the bulk of the lo4 tons of 
extraterrestrial material annually accreted by 
the earth. The major collection site for cos- 
mic spheres has been deep-sea sediments 
where spheres are found in moderate con- 
centration because of the exceedingly low 
accumulation rate of terrestrial particulates. 
However, even in the deep-sea clays with 
the highest known concentrations of cosmic 
dust the spheres larger than 0.5 mm are only 
10 parts per billion of the total sediment 

mass, and it has not been possible to collect 
adequate numbers of large spheres and un- 
melted particles ( I ) .  Particles larger than 
500 p,m are required for certain analysis 
techniques, such as the measurement of 
trace elements and isotopic analysis of 0 ,  Ti, 
and the cosmogenic (cosmic ray product) 
isotopes 26Al, ' O B ~ ,  and 5 3 ~ n  (2). 

In addition to deep-sea sediments, it has 
long been recognized that clean polar ice 
deposits could be good collection sites for 
small meteoritic particles (3 ) .  Although 
some spheres have been found in ice, it was 
not expected that significant numbers of 
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