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PHOTOSYNTHETIC FRACTIONATION OF OXYGEN ISOTOPES: 

A STUDY WITH ELODEA CANADENSIS 



ABSTRACT 

Bubbles of oxygen from Elodea canadensis were collected 
and found 5 per mil enriched in 0-18. This confirms the results 
of both Dole and Vinogradov, who found 0-18 enrichment of photo-
synthetic oxygen relative to its source, i.e. water. Photosyn-
thesis and respiration appear to have produced the Dole effect, 
i.e. the 22 per mil 0-18 enrichment of atmospheric oxygen rela-
tive to ocean water, its probable source. These results are 
contrary to findings for both UV photolysis and electrolysis of 
water both evolving oxygen found depleted in 0-18. 
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INTRODUCTION 

Studying oxygen is justified for its terrestial abun-

dance, its biological and geological importance, and its chemical 

reactivity (1). On the surface of the earth, oxygen is the most 

abundant element on either a mass or atom abundance basis, e.g. 

about 50% of the earth's crust is oxygen by weight and approximately 

20% of the atmosphere is free oxygen. In life processes, oxygen is 

a necessity, for without it either free or chemically combined as 

water, life would cease. Oxygen, partially because it's the most 

electronegative element next to fluorine, reacts with almost all 

other elements, and commonly occurs in nature either free or com-

bined(2). 

Although the isotopes of oxygen were discovered in 1929 (3, 

4), through the early thirties it was commonly believed that stable 

isotopic composition did not vary naturally, or even change during 

chemical or physical proc~sses (5). Several factors helped to change 

this view (6): 1. the theoretical groundwork laid by Urey (7); 2. 

the initial research done by Dole with atmospheric oxygen and 

natural waters (8); and 3. the development of the modern isotopic 

ratio mass spectrometer (9,10). Today, despite abundant evidence 

of natural isotopic variability and for physicochemical exchange 

reactions, much research remains to be done, especially with oxygen 

isotopes. 
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Perhaps the most significant studies are those needed to 

elucidate the·reaction mechanisms and pathways of oxygen in 

respiration and photosynthesis. Besides aiding our understanding 

of both photosynthesis and respiration, these studies would 

clarify other fields of study including the oxygen cycle, and the 

two paleotemperature scales, carbonate (11) and tree ring cellulose 

(12). 

Dole, who studied both photosynthesis (13) and respiration 

(14), found a small but significant enrichnent in ph,)tosynthesis, 

d d . f 16 (h 18 . h ) f h an a larger epletion o 0 ence 0 enr1c ment o t e 

residual oxygen due to respiration. Dole determined that photo-

synthesis enriched the air oxygen slightly in 180 ancl that a bit 

more 160 than 180 was removed by respiration to produce a total 

enrichment of 180 in the residual atmospheric oxygen relative to 

ocean water of+ 22 o/oo (Fig. 1). 

There are problems with Dole's hypothesis (5). For instance, 

the amount of fractionation produced by respiration varies (15), 

as observed by Kroopnick (16), while the fractionation by photo-

synthesis is not ascertained. Respiration favors the use of 160, 
18 just slightly more than 0, and produces a small enrichment of 

180 . h . d 1 int e resi ua oxygen. This respiratory fractionation 

increases as the oxygen tension decreases; hence, due to vari-

ability of respiratory fractionation, the value of the fractionation 

factor for the biosphere is not known (5). Likewise, photosynthesis 

is very difficult to study for technical reasons (17); therefore, 

it is not certain that photosynthesis fractionates oxygen isotopes. 

For these reasons, and also because photosynthesis is believed to 
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be the main source of atmospheric oxygen, and since recent 

findings are contradictory concerning the photosynthetic oxygen 

fractionation (18, l 9), photosynthesis, more especially photo-

system II, needs careful restudy. To this end, techniques will 

be described for determining the fractionation of oxygen evolved 

photosynthetically. 

MATERIALS AND METHODS 

Photosynthetic oxygen from Elodea canadensis Michx. was 

compared isotopically with the water oxygen in which the Elodea 

was immersed and the oxygen chemically combined in bicarbonate, 

which served as the carbon source. According to the classical 

paper by Ruben et al. (20), photosynthetic oxygen is derived from 

water, not carbon dioxide (21); therefore, photosynthetic oxygen 

should have the same isotope ratio as water in which the Elodea 

was immersed. 

Isotopic ratios were derived by mass spectrometry, using a 

Nier type, 6 inch, 60° magnetic sector isotope ratio mass spectro-

meter (22, 23) (Appendix 1). All ratios were determined using 

carbon dioxide gas derived respectively from the water (1), 

photosynthetic oxygen (2), and bicarbonate (3), according to the 

following reactions: 

(1) H 180(1) + c16 0160 (g) = H,., 160 (1) + Cl8 0I6 0 (g) (24), 2 ... 
(2) 02(g) + C (s) = co (g) (25), 2 

(3) Kl!C03 (s) + Hl04 (1) = KHP04 + Il{0 3 (t) (26). 
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. 18 16 These ratios (R = 0/ 0) were compared to determine relative 

enrichment or depletion of 180 by the following equation: 

18 R -R o O o/oo - sample std X 1000, where 
Rstd 

= 46(12Cl8 0 160) 

44(12c16 0160) 

Since carbon dioxide gas is fed into the mass spectrometer, R d st 
is the mass 46: mass 44 ratio for standard mean ocean water 

(SMO\v), and R is the mass 46: mass 44 ratio of the sample sample 
carbon dioxide gas. o18o is expressed as per mil (o/oo) enrichment 

or depletion relative to SMOW (= 0.00 o/oo on an arbitrary scale) 

(27). Enrichment of photosynthetic oxygen relative to the water 

from which it was derived is calculated from the following equation: 

18 
ti= o OPS-0 

2 

18 
o OPS-0 

2 

18 
o OH 0 

2 

= the delta value in per mil for the 
photosynthetic oxygen, 

= the delta value in per mil for the 
water in which the Elodea is immersed, 

and where a positive ti value indicates enrichment of the photo-

synthetic oxygen relative to the water oxygen, zero indicates no 

d . ff <l . 1 . d. d 1 · 180 · i. ·erence, an a negative va ue 1n 1cates ep etion or in 

the photosynthetic oxygen. 
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Photosynthetic oxygen was collected over water using a 

funnel-shaped-collector (Fig. 2) which was suspended over the 

Elodea. Light was provided by one or more flood lamps (Fig. 3). 

Elodea was immersed in 0.2 N KHCO3 aqueous solution, that had 

been allowed to stand for a week to reach isotopic equilibrium. 

The Elodea, after removal from an aquarium and having been weighed, 

was placed in a 1000 ml tall form beaker and allowed to sit for 

twenty minutes before oxygen generation was initiated by turning 

on one or more flood lamps. Fluorescent o,erhead lamps were in 

use throughout the collection period. After collection, the 

photosynthetic oxygen was transferred to a conversioL line (Fig. 

4), where the oxygen was reacted with red hot carbon to form 

carbon dioxide. Several different procedures were w;ed for this 

conversion (Table 1 and Appendix 2). 

The potassium bicarbona re, used as a carbon sou:::-ce, was 

reacted with anhydrous phosphoric acid (11, 28) in a vacuum 

vessel (29), which was immersed in a temperature-controlled bath 

for one week (30). The carbon dioxide was transferred to a 

sample tube on a vacuum line (Fig. 5) where the volume of the 

carbon dioxide sample was measured (29). 

Samples of water (SO mls.) were placed in special 100 ml 

pyrex vacuum vessels, frozen with xylenol-dry ice, the flasks 

evacuated to remove air, then the water allowed to melt for 

degassing and refrozen with xylenol-dry ice, and the flasks again 

evacuated. Carbon dioxide gas was admitted into the vacuum 

vessels containing the frozen, degassed water, and the vessels 

closed to isolate th~ gas-water mixture. The water was allowed 
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to melt at room temperature before the vessels were placed in a 

water bath for one week (24, 30, 31). The water was subsequently 

frozen to -78°C as before and the carbon dioxide gas transferred 

to sample tubes using the vacuum line (Fig. 4) used previously 

(29). 

RESULTS 

The data (Table 2 and Fig. 6) indicate a considerable 

difference in the cornpcsition of oxygen isotopes between photo--

synthetic oxygen and the water in which the Elodea was immersed. 

The amount of fractionation shows a small but significant decrease 

with time (P = 0.10 for the t-~ correlation, and P = 0.07 for the 

slope). 

Photo~ynthetic oxrgen evolved by Elodea (weighing about 

twenty grams) was colkcted for periods of either two hours or 

fours hours. For the two hour samples, the lamps were left on 

for two hours, then all of the photosynthetic oxygen generated 

during this period was admitted into the vacuum conversion line 

along with a small bit of water, which was trapped in the collector 

stopcock. This water which was admitted boiled under the line 

vacuum. After this removal of the trapped oxygen from the 

collector, the photosynthetic oxygen collector was set up and 

another two hour sample generated as the first one, using the 

same specimen of Elodea (approximately 20 grams) and the same 750 

ml volume of 0.2~ KHC03. This process was continued until four 

consecutive two hour samples were collected. The four hour 
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samples were run with the lights on for four hours, all other 

variables being the same as for the two hour samples. 

During the conversions, the carbon did not glow uniformly 

red when heated electrically, indicating uneven heating of the 

carbon rod during conversion. As a check on fractionation of 180 
16 13 and 0, o C analyses were made for two samples of a carbon rod 

used for conversions. The arithmetic mean for two carbon rod 

analyses was -24.5 o/oo versus PDB carbon isotope standard. 

The o13c values of converted CO2 samples varied erratically. 

Another difficulty encountered during conversion was the loss of 

samples due to operator error and equipment breakdown. Because 

of the widespread of 8180 values for the individual two hour 

runs, an arithmetic mean of all two hour samples was calculated. 

A single sample of carbon dioxide was extracted from Elodea 

oxygen, generated for ten hours and twenty-three minutes, using 

the vacuum transfer line (Fig. 5). The volume of the CO2 sample 

was small; therefore, there is the possibility that isotopic 

oxygen fractionation occurred. This sample may be a composite of 

air carbon dioxide, plant and microbe and invertebrate respiration, 

and plant photorespiration (Table 2). 

One sample of lab air was run and the per mil value obtained, 

o18o = 11.07 0/00, found to be a bit lower than the established 

value of+ 23.8 o/oo (Table 2 and Fig. 1). A liquid nitrogen 

dewar had been placed on the water trap for this determination, 

and some oxygen may have remained in the trap. 

There was some temperature variation- of the water bath 

ranging from 24.5°C to 25.6°C over a twenty-four hour period. 
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This variation may have produced the large spread in the o18o 

values for both the ~{C03 carbon dioxide samples and the water 

carbon dioxide samples. 

The standard used as lab reference was NBS-20 Solenhofen 

carbonate. Several more recent samples of carbon dioxide were 

prepared from this standard and the new standard gas samples did 

not yield the expected O o/oo values for both 180 and 13c. The 

new standards were enriched+ 1 o/oo in 13c and+ 3 o/oo in 180, 

indjcating that the original gas standard had become fractionated 

during use. 

DISCUSSION 

A large enrichment of 180 was found relative to water in 

which the Elodea was immersed. This enrichment is expressed as 6 
18 which is the o/oo difference between the o O value for the 

photosynthetic oxygen and the o18o for the water in which the 

Elodea was immersed: 

t, :: 18 0 OPS-0 
2 

The 180 enrichment has several possible sources: atmospheric 

oxygen adulteration of the photosynthetic oxygen samples, possible 

carbon dioxide contamination of the sample either from the air or 

from the organisms in the reaction solution, problems with technique 

in conversion of the oxygen to carbon dioxide, and actual photosyn-

thetic oxygen enrichment, or more than one of these. 
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A sample of oxygen from lab air was converted to carbon 

dioxide and the result was about+ 7.9 o/oo vs. SMOW, when correct-

ed for isotope standard fractionation. This value is 15.9 o/oo 

low with respect to the established value of+ 23.8 o/oo (8, 32, 

33, 25); therefore, the conversion line is not the source of the 

isotopic enrichment, but of isotopic depletion. The depletion 

observed may be caused by condensation of the oxygen in the water 

trap at -196°C, uneven heating of the carbon rod by the electric 

current, absorption of o2 or CO2 or CO on the carbon rod, incomplete 

combustion, and possible formation of carbon monoxide due to 

combustion at low oxygen tensions and an abundance of carbon. 

This result is also indicative of air oxygen contamination of the 

sample, either directly from diffusion or indirectly from the 

small amount of water admitted into the line when th~ water is 

degassed under vacuum conditions, and could account for the 

decreasing fractionation observed (Fig. 6) .. Since the o18o for 

air oxygen is+ 23.8 o/oo where the water is -26.4 0/00, a 50:50 

11 

mix of air and photosynthetic oxygen along with conversion variability 

could account for the experimental results. The major source of 

the air oxygen would be that which is dissolved in the water, 

some of the water usually entering the conversion line. 

Enrichment by atmospheric oxygen is a problem with two 

possible solutions: one being to run experiments for a longer 

time, perhaps twenty-four hours to drive the air oxygen from the 

d 1 h . 180 . h h . water an 1ence prevent t e air enric ment, or t e reaction 

could be run in vacuo or under the oxygen-free atmosphere with 



degassed water. In doing this, the problem of air oxygen con-

tamination would possibly be removed. 

Possible carbon dioxide contamination was checked by generating 

photosynthetic oxygen for about ten hours and then extracting the 

carbon dioxide from the sample of gas. The o18o value was+ 75 

o/oo indicating either that the sample was highly enriched by 

fractionation during the sampling process, or that the sample was 

. h d . 180 d . h . h . h enr1c e 1n ue to e1t er isotope exc ange wit water or 

perhaps fractionation by photorespiration. The amount of carbon 

dioxide was only 1. 6qo of the total gas volume and hence could 

only have produced a 1 o/oo enrichment. Thus the enTichment by 

carbon dioxide, although small, does appear to be significant. 

Actual photosynthetic oxygen enrichment in 180 :,s a distinct 

possibility. When Ruben et. al. (20) did their research, they 

found that photosynthetic oxygen seemed to be derived from water, 

and perhaps there was some carbonate oxygen entering the system 

through chemical exchange with water. Dole indicated about a 

1.17 y water density increase which is equivalent to 5 o/oo 

18 . h 0 enr1c ment. Vinogradov et. al. (18) found a + 2 o/oo enrichment 

of photosynthetic oxygen. Recently, Stevens et. al. (19) found 

no photosynthetic fractionation of oxygen isotopes (Fig 7). Thus 

most of the reported values indicate a positive enrichment of 

heavy oxygen in the gas evolved photo~ynthetically. 

Using algae, Dole and Jenks (13) found about+ 5 o/oo enrich-

ment of photosynthetic oxygen, and attributed this to either 

isotopic exchange equilibrium, or possibly water-carbon dioxide 

oxygen exchange. When Vinogradov ct. al. (18) <lid their work 
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with Elodea canadensis, they attributed their lower value of+ 2 

o/oo as being due to correction for respiration, not accounted 

for by Dole (13). 18 The slight negative 8 0 found by Stevens et. 

al. (19) is not understood, since the reaction line and_conversion 

line and procedures were not fully detailed. Perhaps, there was 

some error in either technique or experimental design or both. 

My uncorrected~ values for photosynthetic oxygen are quite 

different from previous reported values and may be due to air 

oxygen contamination. Much of this contamination, apparently, is 

due to the admission of a few milliliters of water into the 

conversion line and the subsequent degassing of this water. If 

the arithmetic mean for the four hour samples is corrected for a 

50:50 mix of photosynthetic oxygen and air oxygen, then the~ 

value is nearly + 5 0/00. (This value has been c0rrected for 

carbon dioxide contamination and for conversion fractionation). 

This value is close to+ 8.4 0/00, the value previously reported 

from our lab (34). This final value, + 5 0/00, is a rough estimate; 

therefore, further research is planned, and will be carried out 

as part of my doctoral research. 

SUMMARY 

Photosynthetic oxygen from Elodea canadensis was generated 

and collected in a system open to the air. The collected oxygen 

was converted to carbon dioxide with red hot carbon, and this 

carbon dioxide analyzed isotopically. The isotopic ratio of 

photosynthetic oxygen was compared with that of water in which 
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th l . d d . . . h f 18 e pants were immerse an a positive enr1c ment o O was 
found. Part of the observed enrichment may be due to contamina-
tion of air oxygen. 
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Table 1. The general procedure for converting photosynthetic 
oxygen to carbon dioxide using the vacuum conversion line. 

Action 

Admit photosynthetic oxygen 
into line 

Freeze out the water v~por 

Combust photosynthetic 
oxygen with red hc·t 
carbon. 

Trap carbon dioxide formed. 

Explanation 

After the collector has been 
connected to the vacuum 
line,. the sample port is 
evacuated to remove the 
air, then the sample is 
admitted to the water 
vapor trap. 

Following admission of the 
oxygen into the water 
trap, the trap temperature 
is lowered, either to -78°C 
or -196°C, to remove water 
vapor which would exchange 
oxygen atoms with the oxy-
gen gas or the carbon dio-
xide formed during the con-
version reaction and invali-
date the data. 

The oxygen in the water trap 
is admitted into the 
reaction vessel, where a 
red hot (600°C) carbon-
platinum cylinder pro-
vides a reaction surface 
which reduces the forma-
tion of carbon monoxide. 
The vessel walls which 
are made of pyrex are air 
cooled to reduce the ex-
change of silica oxygen 
with the carbon dioxide 
formed during the reac-
tion. The carbon rod 
varies in ten~crature 
along its length. 

The carbon dioxide formed 
during the reaction is 
either trapped continu-
ously as the reaction 
proceeds, or after a 
period <luring which the 
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Table 1. (continued) 

Action Explanation 

Exhaust volatiles. 

Transfer the carbon dioxide 
to a sample tube and 
isolate it. 

Volwne measurement. 

Isotope analysis. 

reacting gases are re-
cycled through the re-
action vessel by means of 
a Toepler pump, which is 
especially designed to 
circulate gases under low 
pressure. The carbon dio-
xide is trapped by means 
of condensation in a trap 
held at -196°C. 

The volatiles, or gases not 
condensed at -196°C are 
removed by evacuation. 
This would include some 
nitrogen, unreacted oxy-
gen, and a trace of car-
bon dioxide and water 
vapor. 

The carbon dioxide is trans-
ferred to an evacuated 
sample tube by raising the 
trap temperature to -78°C 
and keeping the sample 
tube at -196°C. This 
procedure removes some of 
the impurities, e.g. 
possibly water, from the 
sample and allows for 
more precise mass spectro-
metric analysis. The 
sample is again exhausted 
briefly to further purify 
it, before it is isolated. 

The carbon dioxide sample iso-
lated in the sample tube 
is connected to another 
vacuum line and the volume 
of the carbon dioxide is 
measured manometrically. 

The isotopic oxygen analysis 
is performed by mass 
spectrometer; the gas 
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Table 1. (continued) 

Action Explanation 

being compared to a stan-
dard carbon dioxide gas, 
NBS-20 which is from 
Solenhofen limestone. 
Calculations are made to 
find the relative enrl§h-
ment or depletion of 0 
versus SMOW. 
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Table 2. Experimental results: the amount of 180 enrichment 
of photosynthetic oxygen relative to the oxygen source, i.e. 
water. 

Sample 18 o O vs. 

SM0W (oPS-0 -oH 0) 
2 2 

o/oo o/oo 

1. photosynthetic oxygen. 2 hour 
sample. run 1. fraction 1. + 1.16 o/oo + 27.54 o/oo 

2. photosynthetic ox)·gen. 2 hour 
sample. run 2. fraction 1. 1.48 + 24.90 

3. photosynthetic oxygen. 2 hour 
sample. run 2. fraction 3. 9.37 + 17.01 

4. photosynthetic oxygen. 2 hour 
sample. run 3. fraction 1. 2.56 + 23.79 

s. photosynthetic oxygen. 2 hour 
sample. run 3. fraction 2. 5.44 + 20.94 

6. photosynthetic oxygen. 2 hour 
sample. run 3. fraction 4. - 6.81 + 19.57 

7. photosynthetic oxygen. 2 hour 
sample. run 4. fraction 1. 3.92 + 22.46 

8. photosynthetic oxygen. 2 hour 
sample. run 4. fraction 2. - 10.48 + 15.90 

9. photosynthetic oxygen. 2 hour 
sample. run 4. fraction 3. 2.33 + 24.05 

1 o. photosynthetic oxygen. 2 hour 
sample. run 4. fraction 4. - 11.18 + 15.20 

11. photosynthetic oxygen. 2 hour 
sample. run 5. fraction 1. 7.48 + 18.90 

12. photosynthetic oxygen. 2 hour 
sample. run 5. fraction 3. - 10.91 + 15.47 

13. photosynthetic oxygen. 2 hour 
sample. run 5. fraction 4. - 13.01 + 13.37 
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Table 2. (continued) 

Sample 18 o O vs. 

14. 

15. 

16. 

photosynthetic oxygen. 2 hour 
sample arithmetic mean+ one 
standard deviation 

photosynthetic oxygen. 4 hour 
sample. run 1. fraction 1. 

photosynthetic oxygen. 4 hour 
sample. run 1. fraction 2. 

17. photosynthetic oxygen 4 hour 
sample arithmetic mean+ 
one standard deviation.-

18. KHC03 

19. KHC0
3 

20. KHC0
3 

21. KHC03 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

KHCO arithmetic mean+ 
one ~tandard deviation-

H 0 2 

H,.,O ... 

29. 1120 arithmetic mean 
+ one standard deviation 

SMOW 

o/oo 

6.45 
+ 4.22 

6.21 

5.13 

5.67 
+ 0.76 

+ 25.03 

+ 24. 27 

+ 24 .17 

+ 23.65 

(oPS-0 -OH ol 
2 2 

o/oo 

+ 19.93 
+ 4.22 

+ 20.17 

+ 21. 25 

+ 20.71 
+ 0.76 

+ 24.28 + 0.57 

- 26.18 

- 25.94 

- 26.37 

- 26.07 

- 27.27 

- 26.47 

- 26.38 + 0.46 
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a Dole and Jenks. 1944. 
bVinograclov et al. 1959. 
C Stevens et al. 1975. blue-green alga. 
d Stevens et al. 1975. green alga. 
eThis paper. 2 hr sample arithmetic mean. 
f h" Tis paper. 4 hr sample arithmetic mean. 
gThis paper. 4 hr sample arithmetic mean corrected 

for air o2 and co2 contamination. 
hMartin and Smith. 1977. Previously reported value. 

Fig. 7. A comparison of 180 enrichment values for photosynthetic 
oxygen versus water. 
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APPENDIX 1 

MASS SPECTROMETER DIAGRAMS 



a 

11 12 

10 

a 
Approximate scale (1.00 cm.: 39.4 ems.) 

Plate 1. Spacial relationship of the twelve modules of an 
isotope ratio mass spectrometer. 
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r-- - - -, 
.~ _ __,;_I-Unit no. 2. "J" yellow , I receptacle. Ion Accelerating 

Voltage IL lJ . 9 E . . --+,•, nit no .. mission ..._ _____________ ., I regulator. 

•'--'-Unit no. 2. "J" yellow 
Magnet Power , I receptacle. 

Supply 
,__ ____________ _:--j--~Unit no. 6. Magnet 

regulator. 

, 

• I 

Red 
Receptacle 

Unit no. 3. Red Box. 
Unit no. 4. "Intro, 

diff." switch. 

Variac no. 1 
Intro. Diff. 

Variac no. 2 
Bake Heat 

Gray 
Receptacle 

Variac no . 3 
Magnet Heat 

i-------- ... Unit no, 12. "S-5" 
box. 

I , 
J I , 

I._ 
' , 
I~ , 

Unit no. 12. "S'' heat 
tape junction box. 

Unit no. 4. "Mag heat". 
Unit no. 12. S(l)-2. 

Magnet heater panel. 

Unit no. 12. S(l)-1. 
Magnet heater panel. 

,----------,,-----'-Unit no. 4. Blower 

Top 
Fan 

Lower 
Fan 

L---------- .J 

supply. 

Plate 2. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 1. 
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r-----, 
I 

"J" 
'{ellow 

Junction 
Box 

•t-way 

Unit no. 1. Ion accelerating 
voltage. 

Unit no. 1. Magnet power 
supply. 

---- Unit no. 6. "F" yellow 
4-way receptacle. 

i---~ Unit no. 3. Electrometer . 

.__-.4 Unit no. 3. Vibrating 

I Reed Electrometer. 

L _____ _J 

?late 3. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 2. 
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r---------:i---, 
Blower Top H-1 Fan Unit no. 4 . .._ ____ _,_ I supply. 

-- .... '-Unit no. 2. Yellow "J" 
I junction box. 

Electrorneter ---unit no. 12. Elect. preamp. 

--.-.Unit no. 7. Decade voltage ------------
Vibrating 

F.eed 
Electrorneter 

pane 1. 

ia--.....- Unit no. 2. "J" yellow box. 

---unit no. 12. VRE preamp. 

Unit no. 7. Decade voltage 
panel. 

---------Line current. 208 V.A.C. 

Red 

Box 

f.ox 1 

Box 2 

Box 3 

Box 4 

Box 5 

Box 6 

Big 
Plug 

------Unit no. 1. Red receptacle. 

------Unit no. 12. "S-5 11 

emergency power. 
t-------+,..Unit no. 12. "S-5". 

Unit no. 7. "H" 4-way vacuum 
control receptacle. 

-------•Unit no. 10. Thermocouple 
power supply. 

-----• Unit no. 4. Box "D". 

-------Unit no. 7. Sorensen A.C. 
I voltage regulator. L _________ _j 

Plate 4. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 3. 
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r-----------, 
Microswitches: 

Mains 
on/off ---------------Unit no. 5. Sola voltage 

regulator. 
Bake out 

Vacion 
protect 

Intro. 
diff. 

Spec. 
vacion 
Leak 
vacion 

i-------------+-ttunit no. 1. Bake 
receptacle. 

1-------------- ..... unit no. 12. "S-4" ion 
vacuum pump control. 

Unit no. 1. Intro. diff. 
red box. 

i--------------+-eunit no. 12. "S-5" to ior, 
pump power. 

1--------------,...unit no. 12. "S-5" to ion 
pump power. 

37 

Intro. 
pump 

Press. 
pump 

1-------------- .... unit no. 12. "S-5" to inlet 
rotary pump. 

Mag heat 

I Pilots 

I 
I Blowers ,,.....;z._ 
I Top 

Fan 1----
1 
I 
I 

Pilot 
Lights 

Unit no. 12. "S-5" to Toepler 
pump. 

Unit no. 1, Magnet heat 
receptacle. 

Unit no. 5. Sola voltage 
L-r--::P~i~l-o~t __ ,._ ____ .., regulator. 

Power Unit nos. 7 & 9. Pilot 

Blower 
Supply 

Front 
Panel 

Socket 

Box 
"D" 

A.C. Voltmeter 
100-130 volts 

.4 

lights. 

Unit nos. 1,3,5,6 to 9, 12. 
Fans, 

Unit no. 3. Box 6. 

Unit no. 1. Bake receptacle. 

I Unit no. 6. "F" yellow 
4-way receptacle. 

L- --- J 

Plate S. Electronic w1r1ng diagram for an isotope ratio mass 
spectrometer, unit number 4. 



r-- -------7 
I Strip Chart 

I Recorder 
I I I I I I I t I 
I I 
I Sola 

I 'fol tage 

R3gulator 

I 
I 
I 
I 
I 
I 
I I Lower Fan I 
I 

L ________ I 
_J 

Unit no. 6. "F" yellow 
receptacle. 

Unit no 7. Decade voltage 
panel. A and B recorder 
junctions. 

Unit no. 7. Sorensen A.C. 
voltage regulator. 

Unit no. 4. Pilot light 
supply. 

Unit no. 4. Mains on/off. 

No connection. 

Unit no. 6. "F" yellow 
receptacle. 

Unit no. 4. Blower power 
supply. 

Plate 6. Electronic w1r1ng diagram for an isotope ratio mass 
spectrometer, unit number 5. 
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r----
1 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Motor 

Controller 

Direct 
Current 

Shunt 
Wound 
Motor 

L __ 

-----7 I Top Fan Unit no. 4. Blower power . - I supply 

Unit no. 5. Sola voltage 
"F" regulator. 

Unit no. 2. "J" yellow 
Yellow I receptacle. 4-way. 

4-way I Unit no. 5. Recorder. 

Receptacle 7unit no. 4. Voltmeter. 

Unit no. 9. Emission 
----.-----' regulator. 

I 
Magnet 

Regulator 

I 
I Unit no. 1. Magnet power 

supply. 
Unit no. 11. Mass spec-

tr,Jmeter magnet. 

39 

Gray Unit no. 7. "H" receptacle. 
4-way. 

Receptacle 

2-way 

Unit no. 7. Inlet system 
control. 

Unit no. 9. Vacuum gauges I and power supply. 

I 
I 
I 

_J 

Plate 7. Electronic w1r1ng diagram for an isotope ratio mass 
spectrometer, unit number 6, 
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r---------7 
I Top 

Fan 

Unit nos. 8 and 12. Side 
fans. 

Unit no. 4. Blower supply. 
Vacuum I __ G_a_u_g_e __ .,.~~-----------+-unit no. 10. Thermocouple 

- · tube. 
Decade 

Voltage 

Panel 

Inlet 

System 

Control 

---unit no. 3. VRE and 
electrometer. 

Unit no. 5. Recorder. 

Unit no. 12. VRE preampli--
fier. 

Unit no. 6. Gray receptacle. 
2-way. 

Unit no. 4. Pilot light 
j power supply. 

---,
4 Unit nos. 10 & 11. Sample/ 

-- ...... ..--..- Standard switching 

"H" 
4-way 

Receptacle 

Sorensen A.C. 
Voltage Regulator 

I microswitches. 

--"'-Unit no. 3. Box 2. 

Unit no. 6. Gray receptacle. 
2-way. 

Unit no. 10. Toepler 
solenoid switch. 

Unit no. 12. "S-5" Relay 
box. 

no. 3. Big Plug. 

nit no. 5. Sola regulator. L _________ J 

Plate 8. Electronic w1r1ng diagram for an isotope ratio mass 
spectrometer, unit number 7. 



r---
1 
I 
I 
I 

--7 ------Side 
Fan Unit no. 4. Blower power 

supply via Unit no. 7. 
Top fan. 

'----aUnit no. 12. Side fan. 
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I 
I 

Alarm 
Bell 

Unit no. 9. Vacuum gauges 
and power. 1, 2. 

I 
I 
I 
I 
I 

L - - - - - - - ___ .J 

Unit no. 9. Emission 
regulator. 3, 4. 

Plate 9. Electronic w1r1ng diagram for an isotope ratio mass 
spectrometer, unit number 8. 



------~ --7 
--!-:~--~ l Unit no. 4. Blower power 

supply. 

Vacuum 

Gauges 

I i----• Unit no. 11. Ion vacuum I detector tube. 
Unit no. 11. Ion vacuum 

detector plate. 

42 

and Unit no. 11. Thermccouple 
tube. 

I 
L_ 

Power 

Supply 

Emission 

"K" 
Regulator 

Source 

Power 

Supply 

I 
I 

J 

No connection. 

Unit no. 6. Gray 
receptacle. 2-way. 

Unit no. 4. Emission 
regulator microswitch. 

Unit no. 8. Alarm bell. 

Unit no. 1. Ion accel-
erating voltage. 

Unit no. 4. Pilot light 
supply. 

Unit no. 12. Pressure 
"relay output socket." 

Unit no. 6. "F" 4-way 
receptacle. 

Unit no. 11. Mass 
spectrometer source. 

Plate 10. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 9. 



r--
1 
I 

----7 

Sample/Standard 

Switching 

Microswitches 

Toepler 
Solenoid 

Switch 

Diffusion 
Pump 

I Unit no. 7. Inlet system -----1 control. 

I 
--~'4Unit no. 11. Sample/ I Standard switching 

valves. 

•'----'- Unit no. 7. "H" 4-way " I re·ceptac 1 e . 

I 
--f- Unit no. 12. 11S-S" power 

relay box. 

I 

43 

Thermocouple I 
Tube I , Unit no. 7. Vacuum gauge. 

... -
Thermocouple i 

Power 
., Unit no. 3. Box 5 . 

Supply 

L _________ _j 

Plate 11. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 10. 



r 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
r 
I 
I 
I 
I 
I 
I 

----------, 
Mass Spectrometer ' I 

150 Liter Ion Vacuum Pump ' I 

I 
Leak 25 Liter 1, I 

Ion Vacuum Pump ,, I 

I 
Mass Spectrometer I Source 

I 

44 

Unit no. 12. Power supply. 

Unit no. 12. Power supply. 

Unit no. 9. Emission "K" 
regulator source power. 

Mass Spectrometer L 
Thermocouple Tube ,---f-t Unit no. 9. 

t--:-:---~-_.:~-------J & power. 
Vacuum gauges 

Mass Spectrometer Ion -4 
Vacuum Detector Tube 4- Unit no. 9. 

.,__ ____________ .....J I & power. 
Vacuum gauges 

Inlet Rotary 
Vacuum Pump , I 

I 

I 
Inlet 
Vacuum 

Toepler , I 
Pump ... ,--,-

Mass Spectrometer 
Magnet 
Magnet 
Heater 

Sample/Standard 
Switching 
Valves 

t_!_ 
I 

' • 

, 

I 

I 

I 
I 
I 

Unit no. 12. "S-5" power 
relay box. 

Unit no. 12. "S-5" power 
relay box. 

Unit no. 6. Magnet regula-
tor. 

Unit no. 1. Magnet heater . 

Unit nos. 7 & 10. Inlet 
system control. 

I 
L-

I 
I 

_J 

Plate 12. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 11. 



r----------7 
Ion Vacuum 

Pump Control 

150 Liter Ion 
Pump Power Supply 

25 Liter Ion 
Pump Power Supply 

Magnet Heater 
Panel 

Pressure Relay 
"Relay Output Socket" 

"S-5" 
Power 
Relay 

Box 

' I , I 

' I , I 
I t 
Ir 

' I , 
I 
I 

I 

I.. 
I' 

' I , I 

I , 
I ' , I 

L ___________ J 

Unit no. 4. Ion pump pro-
tect microswitch. 
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Unit no. 4. Mass spec. ion 
pump microswitch. 

Unit no. 11. 150 liter ion 
pump. 

Unit no. 4. Leak ion pump 
micro switch. 

No connection. 

Unit no. 11. 25 liter ion 
pump. 

Unit no. 1. Gray receptacle 

Unit no. 1. Variac 3. Mag. 
heat power. 

Unit no. 9. Emission "K" 
reg. source power supply. 

Unit no. 4. Inlet pump 
switches. 

Unit no. 7. "H" 4-way 
receptacle. 

Unit no. 3. Red box. 
Emergency power. 

Unit no. 3. Box 1. 

Unit no. 11. Inlet rotary 
pump. 

Unit no. 11. Inlet Toepler 
pump. 

Unit no. 10. Mercury 
diffusion pump. 

Plate 13. Electronic w1r1ng diagram for an isotope ratio mass 
spectrometer, unit number 12. 



r--
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Electrometer 
Prcampl ifier -.. 

Detector 
Head --

Repeller 
Battery 

Vibrating 
Reed , Electrometer 

Preamplifier 

--, 
I 
I .,. 
I , 
I 
I 
I 
I 
I 
I 
I 
I l 
I , 

I l. 
Ir 

[
Mass Spectrometer 

Heat Tapes 

Bake Out 
Junction Box 

I 
I 
I 

I Side Fan ~--:-

1 
I 

_J L _________ _ 
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Unit no. 3. Electrometer. 

Unit no. 3. Vibrating reed 
electrometer. 

Unit no. 7. Decade voltage 
panel. 

Unit no. 1. Variac 2, 
bake heat power. 

Unit no. 4. Blower power 
supply via unit nos. 7 & 
8. 

Plate 14. Electronic wiring diagram for an isotope ratio mass 
spectrometer, unit number 12. 



APPENDIX 2 

DETAILS OF CONVERSION PROCEDURES FOR PHOTOSYNTHETIC OXYGEN 

USING A VACUUM LINE 



Sample 

1. G-22 

2. G-24 

3. G-26 

4. G-27 

5. G-28 

6. G-30 

7. G-38 

8. G-39 

9. G-40 

10. G-41 

11. G-47 

12. G-49 

13. G-50 

Run time 

83 mins. 

48 

X 

55 

45 

43 

47 

46 

56 

49 

39 

33 

41 

Notes 

possible CO2 contamination from air. 
water trap at -78°c. 

water trap at -78°C. 

water trap at -78°c. 
Toepler pump quit running, and the valves 

were closed. 
0 water trap at -78 C. 

sample tube put on line late. 
0 water trap at -78 C. 

ditto. 

water trap at -196°c. tesla coil used. 

ditto. 

ditto. 

ditto. 

ditto. new carbon rod installed. 

water trap at -196°c. tesla coil used. 

ditto. 
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PHOTOSYNTHETIC FRACTIONATION OF OXYGEN ISOTOPES: 

A STUDY WITH ELODEA CANADENSIS 

Glen E. Martin 

Department of Botany and Range Science 

M. S. Degree, December 1977

ABSTRACT 

Bubbles of oxygen from Elodea canadensis were collected 
and found 5 per mil enriched in 0-18. This confirms the results 
of both Dole and Vinogradov, who found 0-18 enrichment of photo­
synthetic ·oxygen relative to its source, i.e. water. PhotOS)'TI­
thesis and respiration appear to have produced the Dole effect, 
i.e. the 22 per mil 0-18 enrichment of atmospheric oxygen rela­
tive to ocean water, its probable source. These results are 
contrary to findings for both UV photolysis and electrolysis of 
water both evolving oxygen found 
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