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ABSTRACT

‘This research is a continuat ion of the previous year ’s work on the

migration of gases through sea ice and the transport of gases acr oss the

ice—snow—air boundary. Carbon dioxide , and possibl y carbon monox ide, were

observed to be replenished faster than other non—water interacting gases

such as nitrogen , oxygen, neon , and methane In flushed probe holes and at

the surface. Large pulses of carbon dioxide were observed and suspected

as the result of interna l stresses in sea ice. ~~~~~ ~~

The f l u x  of gases in probe holes was near 2 — 4 p l/cm 2
/hr , and 1—2

p 1/ cm /h r  at the su r f ace , relat ively i n s ign i f i can t  for  oxygen , but very

s i g n i f i c a n t  for  t race gases such as carbon dioxide.

‘rI’e ocean was observed to be a source of carbon dioxide , carbon monox-

ide and methane to the atmosphere by way of the sea ice.

Brine content in the ice varies strong ly with temperature , and may he

the cause of the large variations in the transport of carbon dioxide.

A late spring observation of bubbles from rotting sea ice disclosed

very h i g h  levels of carbon monoxide. V

Observations of the atmosphere over sea ice (to 78~N) through the

summer tends to confirm a continued high atmospheric level of CO ) beyond

the time period when it diminishes at Point Barrow , Al aska (71.4°N).

Coulometric work is in progress. The detector alows for the detection

of all combustible gases including hydrogen at the lO~~ ml level without

precoricentrat Ion

Several other miscellaneous topics are also entertained

.1



INTRODUCTION

This research has been directed toward an understanding of the

composition of gases in sea ice and the dynamics of theIr transfer

across the sea—ice—air interface. Sea ice Is markedly different from 
V

freshwater ice in tha t it permits the movement of gas easily , whereas

freshwater ices are impermeable to gas (Hetmuingsen , 1959). The move-

ment of gas -in sea ice has been demonstrated by Gosink ct al. (1976).

This year we have more details on the quantity and nature of gases

in and over sea Ice and some Insight as to transport mechanisms. We

have also begun to work with coulometric detectors for hydrogen analysis ,

l ight hydrocarbon, and carbon monoxide.

METHODS

Tu e techni ques for the analysis of gases associated with sea ice were

essentially the same as reported last year with the exception of a Can e

311 ~ system which was used for the simultaneous analys is of N 2 ,  02 with

Ar , CO , CII and CO 5. (FIgs. 1, 2, 3 and 4).

A prototype sample loop pressure regulator using a UniMeasure ~ /8O

pressure transducer for the CC system was developed (Figs. 1, 3; section IF).

Packer assemblies similar to those described by Oesch ger et al . (1976)

were used to assure gas—tig ht seals in ice holes (Figs. 5a and b).

An oxygen coulometer from Reaction Coulometers Ltd . (Maidenhead ,

England ) is being used for some of the beginning work on coulometric

(absolute — no external standards required) detection of trace gases such

as hydrogen, light hydrocarbons and carbon monoxide. The detection 
limits2
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Figure 4. Photo of complete gas chromatographic system in the 
field.6
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of this device are LI P  to two orders of magn i tude  better tha t the standard

flame Ionization detector (Figs. 6, 7; section TVB).

A palladium pump with a Keithly electrometer (Model 604 wi th  d i f f e r e n -

t i a l  current shunt) modeled after the hydrogen pump described by Lovelock

at al. (1970) is being investigated for the hydrogen work (Figs. 8, 9;

sect ion IVA) .

Gas—tigh t glass stripp ing chamber s as described in the previous report

were used to collect and preserve ice samples (Fig. 10).

RESULTS AND DISCUSSIONS

I. Sea Ice

A. Entrained ga s bubb les

The quantity of gases entrained in annual sea ice varied from about

1— 5 ml gas/kg of sea ice for subsurface ice , slightly more than observed

and reported last year. The top 10 cm of sea ice this year was observed to

contain 10+ to  30 ml of gas/kg of sea ice , significantly less than the

quantity reported last year (>120 mi/kg). However , it should he noted that

the age and history of polar ice should cause significant gas composition

and transport differences . Figure 11 shows the hydrostatic level of sea-

water in sea ice on a pit wall in sea ice. The top light layer is not snow ,

but bubbly brine drained surface ice.

The sample of multiyear ice appeared to be gassy in content (volume

not measured) but fractured like freshwater ice upon coring . The CO
2 

con ten t

was signif icantly lower , being similar to glacier ice.

Gas chroma tographic analysis of these bubbles (head space analysis of

large pieces of ice melted in glass chambers) gave the results shown in

Table 1 for CO and CH
4. Carbon dioxide and other dissolved gases are dis-

cussed separately below .

9 
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Figure 6. Photo of reaction coulometer.
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Figure 7. Schematic of reaction coulometer.
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Figure 9. Photo of coulometric hydrogen detector system.

V. ~

A- • - -

• • 
~~~~

Figure 10. Photo of sea ice in helium flushed glass stripping
chamber.
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Figure 11. Photo of a sea ice pit showing gassy surface ice and the hydro-
static level. White top layer Is not snow, hut the gassy ice.
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FABLE I . Gas chromatograph-ic analysis of CO and CU 4 in sea ice bubbles
(corrected for helium dilution).

ppm
Date Type of ice Depth (cm) CO CU 4

23 February  Annua l Surface 10 2.1 11

28 February Annua l Surface 10 6 6 .6
50 NI) 4.6
100 ND 20

10 March N. Salt Lagoon Intermediate ND ND
Annual

10 April Multiyear 30 cm excluding trace ND
top 10

1 0 .iune Rotting Annual bubbles escaping 19.3 7.i
sur face

22 .lunc Rotting Annual top 30 15 21

ND=not detec ted

The gas en t r a ined  in the sea ice was e ssen t iaj lv  air with respect to

and N~~. The q u a n t i t i e s  of 02 and N
2 were used to correct f or the helium

dilution t~ o b t a i n  the  values above for atmospheric concentrat ions;  the one

exception is the 10 June sample which was for bubbles trapped under an in-

verted beaker.

B. Disso1ved~~ ases

Total stripping of smaller ice chips (exclusive of bubbles) was

thwarted by equipment operating pressure Incompatibility and the unexpected

large loads of total carbon dioxide. Time was not available to modify the

s trippers beca use of the late funding date this past year. Figure 12 shows

the previously employed glass stripping tower which Is incompatible with

the 50 psi operating pressure of the new gas chromatograph system. Two

15
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new metal svste r is  (see ~~‘ct Ion V~~, one for  gases In genera l  and one for

t o t  a 1 C02 ,  h a ve  been des I gned and Wi 11 he a v a i l a b le  le r t h e  next  season.

Via’ one trusted result f ey  a sea ice sampl e , not ae i d i  fled , shows norma I

values for disselved gases as fo l l ows : N ., + 02 + Ar , 6; CD , 3 x io~~~;

CU
4 

7 x 1O~~ and CO ), 1.6 mI/kg sea ice.

Swinner to n  ~ t a?-. (1969, 1970) report that CO is richest in surface

waters and is on the order of 4 x ~~~~ mi/i., essentially the result above .

They alse report a diurnal cycle for CO with highest values in daylight.

it is interesting to speculate on the significance of the very high CO

values in the surface ice and rotting ice with reference to light intensity,

which by .June was continuous and high . The methane values are on the high

end as reported by Swinnerton at at. (1969, 1970) , but this may he due to

the proximit y of the NARL site to a productive natural gas field. It should

be further noted that gas pockets have been observed in the local thermo—

karst environment and should he expected along the drowned shelf.

There is a brief note in Riley and Skirrow (1965) that occluded CO2 
in

sea ice is on the order of 0.1—0.5 mi/kg sea ice. Our work with the head

space gases of unacidified samples shows 0.4—8 ml of CO2/kg of sea ice.

Acidification of the samples with several ml of 3—6 M H7SO, to destroy all

carbonates , hicarbonates and carbonic acid , followed by vigorous shaking of

the meitwater in the sealed glass chambers shows large values (Table 2).

The low value for the rotting annual ice suggests that the major portion

of the CO
2 is associated with the brine which is principally located in

the grain boundaries and brine channels. On 10 June the rotting sea ice

was observed to contain many small holes , estimated to be from 1—5 mm In

d iameter. It was also observed that water was flowing along the top of

sea ic ’ , probably due to a littoral current pushing seawater up through

17
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TABLE 2. Tota l  carbon dioxide load in sea ice.

CO., Content  m l / g  ice (xlO 4 )Date  l vpe of Ice .-

—— Av erage sea wa ter 560
3 March Annual 47

10 March N . Sa l t  Lagoon Annual 38

22 June  Ro t t i ng  Annual 8.4

14 Apr i l  Mu lt i year 2 .3

—— Average Glacier  (Weiss et al ., 1972) 2 .0

these former brine channels, thus flushing the ice of the winter load

of CO V) laden br ine .  Figures 13 and 14 show the porosity of these brine

channels even at —8°C. The block of ice in Vigure 13 was f r e sh ly

quarried from an ice pit. A small groove was scratched in the surface and

ink in brine from the pit was poured onto it. All of the blue coloration

is on top and internal. The height of the block in the center was about

30 cm. After approximately one—half hour the block was overturned (Fig.

14) to disclose the blue mark on the bo tt om internal surface and on the

ice below . Further evidence of the porosity of rotting sea ice was ob-

served (June 77) when exhaust gases from divers working below the ice were

observed to percolate up through the otherwise apparent solid ice.

C. Subnivean Gases

Kelley at al . (1968) and Coyne and Kelley (1974) reported that CO
2

is significantly enriched under the arctic snow pack (the subnivean),

particularly towards the spring melt. Our experience this past season

clearly shows that the subnivean level of CO~ , over both the tundra and the

sea ice , is eleva ted to a greater extent than previously reported . In

18



A
F i g u r e  13. Photo of block of f r e sh ly  quar r ied  sea ice marked with ink in

brine . Blue stain is internal. Air  temperature  “~—8 ° C. 

F igure  14. Photo of overturned block of ink marked ice showing internal
passage of Ink. Distance travelled was ~3O cm in %30 minutes.
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t h e  past  subn ivean a i r  was con t I mucus lv  pumped th rou gh the ann lv t I ca l

In st r u m e n t  . Wh en such :u tee hi m I pie Was cm l) loved t h i s  year , re la tivel y low

t race  gas levels were also observed as a result of amb i ent a i r  f l u s h i n g

of the  samp les area of the subnivean.  On the o ther  hand , i f  small  (10 m l )

d i sc re t e  syr inge samp les were withdrawn , the microenvironment  was not

disturbed and consistently high trace gas values were observed . Continuous

pumping wi th  a r e t u r n  line seemed to a l leviate  the f l u s h i n g  problem ,

but there were significant problems with freeze—up of the 1/8” 0.1).

t ub ing .  Larger bore tubing wil l  hel p,  but the time delay in moving

the gas through long lengths should be considered . Addition of Drierite

drying tubes is helpful , but inefficient at the already rela t ively low

humidity and temperatures. Magnesium perchlorate is better , but there is

some question of possible oxidation of the trace quantities of CO and CH~ .

Over sea I ce , the subn ivean env ironment was usually enriched in

CO2. CO , and CU
4 as compared to the ambient air at the sample site.

Wind stress across the snow surface Is also an important factor (Bernoulli

eff ect) and the trace gas enrichment is inversely proportional to it.

Carbon di ox ide in the subnivean over sea ice tended to be eleva ted by

about 30 ppm, but varied between 0 and 80 ppm enrichment. There was also

some ev idence f or a cyclic varia tion of CO., in the subnivean as shown in

Figure 15.

Carbon monoxide could always be detec ted in the subnivean environment

over sea ice and was usually enriched relative to the ambient atmosphere.

Subnivean levels were on the order of < 0.5 ppm , and the atmosphere was

< 0.1 ppm .
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Methane tended to he enriched in the subnivean environment , hut was

highly var t ab l .e (2— 12 ppm , usually c lose  to 2 ppm) possibly due to the

proximity of a producing gas f i e l d .  Atmospheric levels were usually

1—2 ppm .

I) . Cases in sealed Ice holes

The e f f l u x  of gases from the ice were i n i t i a l ly  s tud ied  by means of

chambers , e i the r  as a c o f f e e  can sealed to the surface of the sea ice , or

as a hole in sea ice plugged with the helium pressurized device described

earlier (Fig. Sn , h ) .

Figure 16 is a l~ —hour record of an ice hole during a very active

per iod  showing large variations in CO9 as compared to N .,. Dur ing  the t ime

of the test there was considerable wind stress on the ice. Nearly all other

re-. ords show only l i t t l e  va r i a t i on .  A f o u r — h o u r  record of the subnivean

leve l of CO., shown in the  f i gu re  recorded on the morn ing  of 15 March also

shows s i g n i f i c a n t  v a r i a t i o n .  The air concentration of CO
2 

at that time was

about 335 ppm (see also Figure 18).

In an experiment to test the effect of ice stress on the movement of

CO
2 across an air and ice interface , a flatjack* was borr owed fr om an

engineering program and inserted into the ice about 25—30 can away f rom the

ice hole. Pressurization of the flatjack disclosed unexpected mobility

of brine in the sea ice wh ich completely filled the 3— 9. ice hole and

flooded the instrumentation .

*A fl at lack is two p ieces of fla t s teel welded together at the edges and
equipped with fittings so that it can be pressurized in the space between
the metal sheets. A chain saw is used to cut a slit in the sea ice , the
flatlack is dropped in , melted sea ice added and allowed to refreeze.
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Other smaller pressure disturbances to the ice hole such as increasing

the helium pressure inside the plugs usually produced a drama tic temporary

rise in the CO., level in the ice hole. This rise was not due to an in-

creased sample size (compressIble gas) because the sample loop pressure

was controlled as described in section IE.

The results of experiments to de termine the flux of gases across the

ice/air interface are summarized in Figure 17. All gases seem to move

across the brine laden ice-air interface in sealed ice holes at about

4 x 1O~~ ml cm 1 hr ’, thus trace gases such as CO
2 

are replenished in a

matter of a few hours, bu t major componen ts such as ni trogen and oxygen

wer e onl y half recovered after 24 hours. Surface chambers in contact with

th e brine—drained surface ice showed a flux of 1/2 to 1/4 of the above.

Furthermore it appears that the high permeation constant reported last

year for CO9 (Gosink ~‘t i ’ . ,  1976) was not due to a temperature factor ,

hut to the unique CO9—brine relationship in sea ice. The experiments were

carried out by flushing the sealed hole or surface chamber with helium

followed by periodic sampling of the gas in the chambers.

Carbon monox ide and me thane were too dilute to be cer tain of their

presence in these flushed systems, but CO seemed to recover rapidly as did

CO2.

E. Considerations of the automatic sampling system

Figure 18 is another , but shorter , record of automatic sequential

sampling and analysis of four sources, the ambient air , the subnivean, a

sealed ice hole and a standard . The four components are separated as shown

in Figure 18, but were ac tually accomplished in the same four—hour period .
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Figure 17. Recovery of N2, 02 and CO
2 in a sealed helium flushed sea

ice hole.

25

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~V~~~~V



V ~~~~~~ V_ _ V~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - - - V - - - -~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

O/ 2
N— 8  Co N-Q — N- N- N-

I I I I I .~~~~~~.

2 ‘
~~ CO

0

C\I ~~~0 C~. ( %J
‘I a c

\
I 0)
I 0-

c~~I
0/ g c ..a

4.4

44 ..- 
~~ 

CI) .0

-~~~~ 
.0

~~ ~
~~Cfl 0 CO

I
0E w
CO

~~CI)
I CO

C O O  I ~.

1—
C,) -

I l l i l i ll  I I A I\  I I I I 1 0
0 0 0 0 00 0 00 0 0 00 0  0 0 0 0 0  0)0) U) N- (0 it) ~ pm, C’J — 0 0) U) N - C D  ‘C) ~~

- I”) C’J
~~
. 

~
. 

~
. 

~
. 

~~
. ~

. 
~ ~ . pm, pm) ~) p

~) pm) 
~~ ~~ pm,

wdd 
~~~ 



V -. V V ~~ -~~ - V V~~ ~VV V V

Par t of our work was to develop an automa tic sampling system for a gas

chroma tograph that would accurately control the sample size of a gas to be

reasonably competitive with the accuracy of an infrared system . The infra-

red sys tem is continuous and somewhat more accura te , but not as versatile

as the gas chromatograph. The results shown in Figure 18 are for a free

running sys tem work ing on the four sources , through different pumps and

a pressurized tank. The pressure controlling feature for the sample loop

was not in operation. The large variation in the CO
2 
level in the Ice hole

(as in Fig. 16) is still evident, and the rapid decrease in the subnivean

level due to pumping without a return line. Fluc tuat ions in the nitrogen

levels for the ice hole, 2—rn air and subnivean are attributable to pump

variations. The stable nitrogen level for the pressurized tank standard

reveals that the thermal conductivity detector was stable throughout.

The flame ionization detector response for CO
2 

(CO., conver ted to methane)

shows a 0.6% variation possibly due to the low attenuation and greater

sensitivity of the detector.

A similar five—hour record , with the pressure controlling device

opera tional, (Figs. 1, 3) shows only a ± ‘1.17% variation in the standard
CO2 analysis and ± 0.26% for the 2—rn air. Thus the prototype device is

successful. The system will be improved by the elimination of an electro-

nically noioy relay chip, an overall electronics improvement by a factor of

2—4, the selection of a better control valve, and a faster drive motor.

Once these practices have been resolved , the sys tem can be considered

patentable.

The system func tions by having a pressure transducer in the line after

the pumps, switching valves and sample loop. The transducer is set to

measure 1000 mm of pressure (absolute) and becomes a variable resistor in
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the  electronic c i r c u i t r y  which drives a motorized precision metering valve

on stream below the t ransducer . The valve opens when the pressure is too

h i g h and closes Ii the pressure drops. Atmospher ic pressur e var iations are

compensated for in the transducer .

F. Cases injected under and into sea ice

Last year we in jec ted  gas into sea ice and sp iked holes adjacent  to

sampLe holes. This year carbon dioxide and neon were chosen for injection

under the ice. Carbon dioxide was chosen because of its importance and

uniqueness as a t race  atmospheric  gas , and in order to investiga te wha t was

though t to be an apparent shortcut that CO
2 
used to propogate itself through

sea ice similar to proton transfer through water. The latter effect does

not appear to be the case, but is still open to question. Neon was chosen

because it is not reactive to water as is carbon dioxide , and is rapidly

resolved and detected by the thermal conductivity detector portion of the

gas chromatograph in submicroliter quantities , and is nondetectable in the

norma l environment.

The ice depth around the field laboratory was mapped by drilling a

series of holes. A dome area was found under a snow drift and was chosen

as a useful area because the gas pocket would not be likely to drift away.

Two sampling horizons were chosen , a hole at 70—cm depth (ice was 137 cm

thick) and the subnivean. The sea ice under the Insulating snow drift was

relatively warm (—6° C) compared to the ambient air —28°C. This led to some

problems in that brine filled the hole at the rate of about 5—10 cm/hour .

A loosely capped (watertight) copper tube was frozen into the ice about a

meter away from the probe holes. The tube extended well below the bottom of

the ice. The CO
2 level in the ice hole was quite stable (not like the

28
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previous month as shown in FIgs.  16 and 18) and produced a pronounced

r ise a l i t t l e  more than an hour after the steady slow stream of CO
2 

was

started . The f l o w  of carbon dioxide was stopped , and the increased con-

centration decreased slowly overnight. Arriva l of CO
2 in the suhaivean

layer did not occur for about six hours indicating that either the CO2 was

d i f f using away laterally at a significant rate , or it met w4th diffusion

resistance in the top 10—15 cm of ice which is devoid of brine .

Attempts to repeat the experiment on the second day were thwarted

because the CO
2 pocke t had leached a hole through a brine channel in the

sea ice and would rapidly escape into the ice hole and subnivean .

Neon was not observed in either horizon , probably due to the lower

sensitivity of the TCT) ~~~~~ less sensitive) than the FIn . On the other

hand, neon injec ted into the ice about 20 cm below a chamber sealed to the

sea ice surface showed the presence of neon after 45 minutes. If neon was

injected into a leaking spiking hole at 6 psi, it showed up in the sealed

chamber after 10 minutes . The surface opening of the injection hole was

about 30 cm downwind from the sample can which was frozen to the sea ice

surface .

C. Chemical analysis of sea ice and brines

During the course of the inves tigation of gases in sea ice , routine

chlor inity samp les of whole ice were determined by we t chem ical me thods

for comparative purposes. Non—routine results were obtained (Fig. 19).

Using instrumentation and chemicals at hand , sodium, potassium and su lfa te

were also determined for three separate cores. Only the 28 February sample

displayed a “s tandard” profile.

29

-- ~~~~~~~~~~~~~~ ~~~~ 
V~~ 



2 3 4 5 C I % ~
02 03 04 05 SO~ gIl 0

05. - - - 10 - 15 - - 20 Na~ g/I a

0.02 003 0.04 005 K~ g/~ A

s-

40 
28 February

40 

25 February

-

- 23 February

Fi gure 19. Chemical profiles of sea ice.
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The chilo rini tv va lues  fo r  whole sea ice samples are normal in their

range of 2.5— 3 + 0 / 0 0  which was about 1/6 that of the seawater  a t  18 .6°/~~~.

Potassium should and does behave conserva t ive ly  in t h a t  i t  does not r e a d i ly

form any insoluble salts as the other components are doing at the tempera-

tures involved . The non “routine” behavior of the other components will

be investigated next year when time and resources can be devoted to it.

Two other facets also came to light In the course of this brief inves-

tigation of the wet chemistry of sea ice. On one occasion the brine which

slowly fills protected holes in sea ice was sampled and observed to outgas

significantly due to the slight partial vacuum in the pipette. It is

assumed tha t the gas was chiefly CO2. The other is that the chlorinitv

values of the pure brine (no sea ice to dilute it to 2—3 °/~~ ) were very

large and are shown in Table 3. The warming t rend i n f l u e n c e  on the brine

is evident from the last two entries in Table 3. The brine channels are

opening up and are diluted by melting sea ice. ~ y July ,  sea water can

ac tively flow up to and over the surface of depressed ice via the leached

out brine channels .

TABLE 3. C hl o r i n i t y  of sea ice and brines and the temperature of the
system.

Date  Descr ipt ion of Ice T ( ° C) Ci o / ~~~

2 Ap r i l  Annual  ice (brine) —17° 114.6

10 April Annual ice (brine) — 6° 66.4

15 May Annual ice (brine) ~~~
— 3° 38.5

8 July Rotted Annual “.~ 00 < ‘1~05

March Annual Ice ~‘~—l5° 2.5—3.9

31 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



1 1 .  Tundra Lake Ice  Cases

Several  t undra  and al p ine lake ices were samp led for  purposes of

~ompartng tile gas content of the ice, and of their overlying subnivean

atmospheres with both the sea Ice and with North Meadow Lake (71°N) for

which a large back log  of data had been acquired in the past.

Fresh water ice Is markedly different from sea ice in its hardness.

Cores fracture quite readily , and the occluded gases are truly trapped ;

frequently under pressure. Two alpine lakes (ca 2500—3000 ft elevation)

were samp led ; No Luck Lake , about 180 miles due south of NARL , and Chandler

Lake , near Anak tuviik Pass. Three tundra lakes were also sampled ; North

Meadow Lake , by NARL, a lake about 60 mIles south of NARL (Lake A) and a

lake about 120 miles (
~
. 1 hour flying time) out of Anaktuvuk Pass towards

NARL , and north of the Colville River (Lake B).

The gas conten t  of the ices was h ighly varied . Ice from North Meadow

Lake wa~ rich in hubbies near the bottom , whereas the other two tundra

lakes (A and B) had relativel y few bubbles as did the ice from Chandler

Lake. ice from Ne l uck Lake was normal except for several very large

(estimated 1 cm x 3 cm ) bubbles below the surface. The one phenomenall y

large v.ilue for rotting North Meadow Lake is paralleled (by an order of

magnitude less) by coastal sea ice (Table I).

Trace gas analyses for the five lakes are given in Table 4.

Composition is again by using O
7~ 

N
2 
values to correct for helium dilution

and are for total (acidified) CO2.

The only exception data for CO and CH
4 are those from North Meadow

Lake, and for Cfl~, the surface samp le from lake R and North Meadow Lake.

The total CO~ for North Meadow Lake ice is comparable with glacier ices
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TABLE 4. ‘l’race gas analysis for tundra and alpine lakes (corrected for
i w lt u m d i l u t i o n ) .

opm
Date Lake CO CR

4 
CO

2 
(total)

25 March Ch andl er — surface  ice 0 .3  7 890
— below surface ND 4 680

6 April No Luck 288

25 February Nor th  Meadow 50 520 1800

6 Ap r i l  A <0 .8 <0 .2  102

25 Mar ch B — surface Ice 0.1 5 3020
— below surface trace <2 850

10 J une N. Meadow — rotting ice 102 1024 —

even though th is value Is probably low because it is not a thoroughl y

stri pped samp le.

Likewise the subnivean air values for the lake sites (Table 5) are

not particularly outstanding for CO or CR 4 except for  their omni presence.

The elevated CO 2 f igures  are , however , of s ignif icance showing that the

ar c t i ( :  tundra  in general  may he a source of CO 2 .

TABLE 5. Subnivean trace gas analysis at tundra and alpine lakes.

ppm
Date Lake CO CR

4 
CO .,

25 March Chandler 0.2 1 340

25 March Anaktuvuk Pass 0.8 1 329

25 February North Meadow — — 360
6 April A 0.6 1.8 570

25 March B 3 .2  2 . 3  390

[11. Summer Atmospher ic  Work

There have been indicat ions  tha t  high carbon d ioxide  levels persis t

over the Arctic Ocean after the CO
2 recorded at Barrow descends 

rapidly
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In the  L a t e  s p r i n g . S I x  f l i gh t s  of opportunity f rom NARL were taken in

1972 to obtain atmospheric samples for carbon dioxide. Carbon mono-

x ide and methane were also monitored , but were always too low in concen-

tration to be mentioned further in this report. Three of the flights

went north over the ice; one along the Beaufort coast; one was to high

altitude near NARL , and one southwest of the Bering Sea. In all cases

elevated CO., levels were found and are discussed below .

The results of the three flights to the north over sea and sea ice

are show-n in Figure 20. The flight of 26 June 1977 occurred during the

first 10 days of rapidly declining CO
2 
values recorded at the NOAA site

at NARL . The NOAA values had previously reached a fairly steady value

of about 343 ppm concentration mixing level. The NOAA value for atmos-

pheric CO
2 
on 26 June was 333.8 ppm. The flight was from about 60 miles

inland over wet tundra to 200 nm: out to sea over melting , but almos t

continuous ice cover. The abrupt change for 26 June is evident in

Figure 20. The trend Is still evident for the same flight path on 7

July 77. Sea ice conditions were mostly open water out to 50 miles ,

broken ice to about 100 miles and “40% open water at 200 miles. The

flight of 20 July shows almost constant CO
2 values out to 500 miles north

of NARL . The NOAA site CO
2 

values f or 7 and 20 July were 329.9 and

ppm respec tively. Ano ther north—south profil e is effectively present

in the data discussed below for the east—west transect , again showing in-

creased atmospheric CO
2 

for stations out to sea.

Figure 21 shows an east—west profile for 18 July 77 between Barrow

and Deadhorse , Alaska . Station 1 was overland near Deadhorse. Station 2

was also overland , but in a high particle count* plume from Deadhorse

* The particle count information comes from Dr. Ken Rahn ’s and Mr. R. Bory ’s
instrumentation for whom this flight was designed , and our informa tion
supplements.
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(Prudhoe Bay petroleum activity). Most of the samp ling was done at an

a l t i t u d e  of about 450 f t .  The high data po in t  for  Sta t ion  8 about 70

mi les  o f f s h o r e  at an a l t i t u d e  of 77 f t  was in a s u r f a c e  fog .  Note ,

S t a t i o n s  4 , 8 and 9 form a n o r t h — s o u t h  p r o f i l e  out to sea and again show

the Increased CO ., va lues  out to sea.

Figure  22 shows the  ver t ica l  p ro f i l e  of CO 2 near Point Barrow to

12 , 000 f t  f or 16 J u l y  77. Cas chromatographic methods are not plagued by

pressure broading e r rors  associated wi th  inf rared  systems because the

samp les anal yzed are broug ht  to the same pressure before ana ly s i s .

F igure  22 shows a d e f in i t e  trend toward CO 7 enriched air at a l t i t u d e ;  a

l a y e r i n g  enr ichment  may he a t t r i b u t a b l e  to the t r a p p i n g  oc CO
2 in the

upper atmosp here f rom the large number of fores t  f i res  in nor thern Alaska

this year .

F igure  23 is a p lot  of samp les taken on a f l i g h t  between NARL and

C.imhell on St .  Lawrence Tsland in the Nor th  Bering Sea on 12 .Tul y 1977.

S t a t i o n s  1—3 were at 10 , 500 f t  over land , s ta t ion 4 at 6 ,500 f t  over

the ocean , and station 5 on the ground at Cambell. The rise in the CO
2

concen t r a t ion  was a t t r i b u t e d  to the e f f e c t  of forest  f i res  in the general

area of the Seward Peninsula . Sample number 2 was taken in a region of a

brown haze. The fires and the haze may be part of the reason for the large

devia t ion  observed . The wind at Barrow on that date was out of the eas t .

These data  aga in  ind ica te  an area for fu tu re  research and support

the hypothes is  tha t  the a r c t i c  oceans are a source of CO 2 through the  sea

ice .
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IV . Coulometry

A. General

In a ll  of our past work , e i ther  by in f ra red  or gas chromatographic

m et hods , we have been tied to the necessi ty of having on hand f a i r ly

expensive , cumbersome , d i f f i c u l t  to obtain and f requen t ly  unrel iable , gas

s tandards . There is now avai lable  on the market  a coulometric de tec tor

for combustible gases , and also devices for q u a n t i t a t i v e  reduct ion  of

CO ., and Co t o  combust ible  methane .

Coulometry  is one of the few analy t ica l ly  absolute methods since it

on ly  requires  the  measurement of the flow of electrons , a rela tively

s imp le task for  picoammeters. This par ticular device f rom Reac tion

(‘oulometers Ltd. (Plaidenhead , ~ngland) (Figs. 8, 9) accomplishes the

;inalvses In an indirec t manner by coulometricallv generating oxygen ,

us ing  the  generated oxygen to combust the e f f l u e n t  of a gas chromatograph,

and them electrochemically reducing the remaining oxygen. The net flow

at  e l ec t rons , fol lowed continuously by elec tronics , Is the absolute measure

of the  q u a n t i ty  of m a t e r i a l  passed . Furthermore , not only does the device

have s e n s i t i v i ty  equal to at  least the f lame ionization detector  of a

good gas chromatograp h (<pp bv ) ,  i t  Is also sui table for  the otherwise

d i f f i c u l t  to measure hydrogen component of the environment.

In a d d i t i o n  to the  above indirect  coulometric method , it appears that

hyd rogen may he ana lyzed  d i r ec t l y  coulometr ica l ly,  by the app l ica t ion

of some work publ ished b y Lovelock at al.  (1970) discussed below in

sec t ion  IV—C (F igs . 8 and 9) .  Work on these devices has only begun because

of the late fund ing date  last year and are discussed separately below .
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Free h y drogen is a simp le prima l micro component of t i le  envi ronment

l i k e  methane and carbon dioxide , e t c . ,  hu t  is very d i f f i c u l t  to dete rmine

1w ex i s t in g  a n a ly t i c a l  i n s t r u m e n t a t i o n .  It  can he done w i t h  great accuracy

and s e n s i t i v i ty  1w a mass spec t rometer , but  these devices are very expen-

sive , usually bulky , and for the most part , unless modified, are not designed

to look at masses less than 4—12. Helium ionization detectors on gas chrom—

a togra phs are capable  of the task, but are prone to leak and contamination

problems . Flame ionization detectors are ruled out because it operates by

the combust ion of hydrogen .

B. The react ion coulometer

A reac t ion  coulolneter  has been set up in the laboratory at IMS in

Fa i rbanks for  the  purpose of verif ying its sensit ivity and ca l ibra t ing

the system. I t  is cu r r en t ly set up to do only hydrogen on a continuous

bas i s  b y p lac ing  i t  downstream from a water str ipper and hydrogen t r ans fe r

device , ins tead  of downstream from a gas chromatograph (Fig.  24) .  In i t ia l

nonoptimized r e su l t s  show that  the system will readily detect 0.02 u l  of

hydrogen when the  hydrogen is inj ected directly upstream of the coulometer.

Normal seawa ter concentrations of hydrogen are on the order of 0.01 il/f

(Se iler and Schmidt , 1974). There is a loss if the hydrogen transfer dev ice

barrier must be crossed . This is due to either dirt in the transfer

device , or traces of oxygen in the carrier.  An oxygen getter device will

be required in order to eliminate the latter possibility.

Final resu l t s  of this  work are not anticipated before  this report

is to be submi t t ed . An in terim updat ing  report to in teres ted  personnel

w i l l  fo l low in October—Novemb er.
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Mol. Sieve
Water In fl ~~~~~~~~Ji~~~~~~~n L~) ~~~~~~ 

[ cou
’
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r Loop A uxiliary

1 L Carrier Gas 1Water Out

Figure 24. C u r r e n t  f low scheme for  hydrogen de tec t ion  in water  wi th  the
reac t i on  coulometer .

C . S t u d y of d i r ec t  coulometry of hy drogen

A pa l ladium pump system similar to the one published by Lovelock at

1. ( 1970) has been assembled and in i t ia l ly  tested . Aside from electrolyte

c o n t a m i n a t i o n  problems , the cell was funct ional , but was fa r  from coulometric

in the amount of ex ternal  current  passed when small quant i t i es  of hydrogen

were introduced to the gas stream. ~‘ork is underway to apply a stable

bucking  potent ia l  to the system in order to raise the e f f i c i ency  of the

method to the required 100% . An up dating note will have to follow to

interes ted personnel on this phase of our research . Basically the cell

works , but  has to be debugged . Precedence will be given to the reaction

coulometer aspect since it is more universal in its app lication, and is

c loser to being per fec ted .
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V . Miscel laneous -

A.  Cases In holes drilled in tundra  by North Meadow Lake

During the w I n t e r  (1977)  two holes were d r i l l e d  in the tundra  by

North Meadow Lake to sample gases in connection with our interest in

subnivean gases . At the bot tom of the holes 2—foot sections of 2—inch

pipe , open on the bo t tom and capped on top , were ref rozen and buried .

Two 1/8” 0 .D.  l ines from the caps to the surface  were also incorporated

to obtain samples. The soil was organic gravel and a deep layer of

c lay . This summer an addi t ion hor izontal  pipe section was set in at

approximately a 5—cm depth over the p ipe.

Some f low problems , possibly f ros t  in the lines, caused sampling

d i f f i c u l t i e s .  The resul ts  for  the samples 72 hours a f t e r  the holes had

been comp leted are g iven below in Table 6 along with spring and summer

values .  The onl y s i g n i f i c a n t  var ia t ion  between the new hole winter  values

and the  spr ing  summer are the elevated CO 2 values in the spring and the

con t inued  consumption of ox-vgen , possibly accounting for the decreased CO

value in the summer .

TABLE 6. Analysis of air chambers in holes in tundra by North Meadow Lake.

(%) ppm
Date Samp le O2+Ar N 2 CO CH 4 CO 2

21 March 1977 9 m hole 14 83 150 450 1180
1 m hole 20 78 0.4 2 475
Subnivean 22 78 <0.1 <1 1060

10 June 1977 1 m hole — — 0.05 2 .3  2100

1 August 1977 5 cm chamber — — trace 1.2 2000
1 m hole — — trace 1.4 392
9 m hole 3 90 1.0 580 2500
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A question arises , i f CO
2 

Is escaping from the tundra  into the sub—

nivean , why aren ’t CO and CR
4 

do ing likewise. A discussion of this phenomena

is given In section V B ,2.

B. Carbon monoxide

I. In CO., standa rds

The accuracy of infrared analysis of CO
2 
depends on the availability

of reliable standards. Kelling ’s laboratory at the Scripps Institute of

Oceanography supplies such standards as determined by manometric methods.

We have used those same standards in this work to calibrate our gas chroma—

tographic system and to i n t e rca l ib ra t e  other commercial s t andards .  The

presence of carbon monoxide in these standards is of no consequence to the

accuracy  of e i the r  the manometric or gas chromatographic methods , but  is of

concern to  the  In f r a r ed  system since both gases have bands which narrowl y

overlap . It  was observed tha t  both old and new standards contain CO , as

w e l l  as traces of methane. Sample number 11 was a primary standard . The

levels  are not s u f f i c i e n t  to cause problems wi th  current levels of inf rared

work at + 0.3 ppm , bu t  are if the ± 0.05 ppm level is sought.

Table 7 shows CO levels in 11 randoml y selected CO 9 s tandard  t anks .

2.  Carbon monoxide , ozone and the subnivean

In the process of attempting to explain the high values of CO
2 

and

relat ively low values of CO and CR 4 in the tundra subnivean environment

compared to the gases present in the holes in the tundra , the possibility

of ozone oxidat ion was considered. Kelley and McTaggart—Cowan (1973) have

reported En the past that there is a variable q u a n t i t y  of ozone in the

first few meters above the snow, wi th higher concentrations near the
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fABLE 7 . Carbon monoxide and methane levels in random ly chosen CO 2s tan da rds .

Samp i e No. CO (ppm) CH
4 

(ppm)

I l. ’~ 0.3
2 0.8 0.2
3 0.8 0.1
4 1.2 0.1
S 0.6 not detected
6 0.8 trace
7 0.7 0,2
8 0.7 0.1
9 1.8 0.4
[0 1.9 0.1
11* 1.1 trace

*~ his s tandard was classified as a primary standard .

5110W s u r f a c e  ( p o s s ib ly  due to the double path l eng th  of reflected incident

radiation). Routine observations at the NOAA s i te  in Barrow conf i rm th is

increase in concentration of ozone near the snow surface. If the atmos—

phcr c ozone, of which there is a nearly continuous supply, d i f f uses

through the snow pack and oxidizes CO and CR
4 escap ing from the tundra

surface , the resultant CO
2 will of cour se he enri ched there , and because

of the  in terac t ion  of carbon dioxide wi th  water  (t h e  snow s u r f a c e s)  i ts

diffusion out may be retarded , thus the high CO., and low CO . CR
4 
sub—

nivean concentrations. One experiment with helium flushed snow in a

tube did suggest tha t CO
2 
is indeed held up by snow surfaces , as perhaps

is some CO. Several experiments were done with a CO standard in a

qua r t z  tube inj ec ted  wi th  suf fic ien t  ozone in the air to approximate

an ozone—rich normal atmosphere (about 0.1 ppm). A sample was withdrawn

and analyzed for  (‘.0 immed iately for a s tar t ing point reference  and the
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tub e placed In the sun . The (‘.0 was a lways  reduced to a p p r o x i m a t e ly  half

ti ’e s t a r t i n g  concentration w i t h  in an hour .

This i s  yet another facet  of t h i s  work which war ran ts  fu r the r  inves—

t Iga t  ion.

C. Modification of equi pment

Based on t i le  a s sumpt ion  t ha t  our research wil l  be refunded , certain

equipment mod i f i ca t i ons  p lanned last year , but not possible because of

late funding are be ing implemented.  Figures 25 and 26 are drawings of

two new meta l  s t r i p p i n g  devices which  will  operate at the new gas chroma—

tograp hs work ing  pressure  of 50 psi.  The sea ice stripper wil l  allow

chips  of ice to be f l u s h e d  wi t h  helium (through needles and septa)

before  m e l t i n g  and t u e  assumed total  stripp ing of all gases , both be fo re

and a f t e r  a c i d i f i c a t i o n. The sea water  s tripper will permit the injec tion

of p
~ quantities of ~;ea water for  total  s t ripp ing , wi th  and wi thout  acid ,

and not  overwhelm the  detectors .

Column s and valves are being investigated to allow for the monitoring

of C —C hydrocarbons as well as methane . Moderate  success has been2 4 -

achieved , hu t  renewal funding  wil l  be necessary to be able to install

the proper valves.

CONCLIJ S IONS

This year we have demonstrated that the sea ice is apparently a con-

t i n u o u s  source of CO2, CO , and CH4 . There is also reason to believe that

the high CO
2 

levels found in the subnivean environment over sea is linked to

the concent ra ted  br ines  in the sea Ice , and pressure exerted on the ice. At—

mospheric perterbations over sea ice extends well  into the summer months.
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27 cm

SEA ICE STRIPPER

Figure 25. DesIgn of metal  sea ice s t r ipper  to work at 50 psi. Septa
caps are located on each end.
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10.5cm

SEA WATER STRIPPER

FIgure  26. Design of metal  sea water stripper to work in l ine at 50 psi.
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Coulometr ic  work has proved feas  l b  I c l e F  I ‘ - d i  - ~-~-n we rk , and ~‘i 11

cv .~n t  ual ly  do away with the needs f o r  m u  I I p i e  a I i i i d a i - d  g~l~-~e~ since the

method is absolute .

PROPOSED Fu Tu RE WORK

We wil 1 endeavor to monitor sea ice ~-ver i Li t  i veiv 1 on~ pen 0(15 of

t inc as a fu n c  t Ion ct sever al  s imu l  t alleous p i t y  c t  I ai i d c h e m i c a l  measure-

me n t s  to b e t t e r  u n d e r s t a n d  the  cause ol  t i i c -  p u m p  l o g  o f gases f rom the

sea to  t h e  atmosphe  rt ’  . Re a l s o  hope t o  do i c -  de a l i e d  chemical  ana l  vs i s

of both  various types  of sea ice , and of  the hr tue in them . Furthermore ,

funds permitting, we hope to begin a ~-li rv~- ’ , icr  i r i ~~c gases  in the

arctic oceans , ices and atmosphere . These l~-~c~-; would include hydrogen

C a~ C , hy d roca rbons , ox ide s  of n i t r o g en  and -
~oii~
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