
800,000-year range under interpretation 
(i) or into the 1-million-year range under 
the preferred interpretation (ii). 

VICTOR A. SCHMIDT 
Department of Geology and Planetary 
Science, University of Pittsburgh, 
Pittsburgh, Pennsylvania 15260 
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Selenium in Reducing Waters 

Abstract. The analysis of selenium species in reducing waters provides important 
insight into the element's biogeochemical cycle. The absence of selenate and selenite 
in reducing waters suggests that some removal mechanism could be operative, but 
the presence in these waters of about I nanomole per liter of dissolved organic 
selenide indicates that the regeneration of selenium in the form of organic species 
may be the dominant process. The data demonstrate that the regenerative and 
biogeochemical cycles of selenium are quite complex. 

In recent years attention has been paid 
to those elements that have multiple oxi- 
dation states in seawater [for example, 
arsenic (I), iodine (2) ,  chromium ( 2 ) ,  
antimony (3), and selenium (4)] .  This 
matter is of interest to environmentalists 
because certain elemental oxidation 
states may be more toxic than others. In 
addition, determining the concentrations 
of individual members of an oxidation- 
reduction couple may provide informa- 
tion on the oxidation-reduction potential 
of seawater. Dissolved selenium has 
three oxidation states: selenate, +6; sel- 
enite, +4; and selenide, -2. Thermody- 
namic calculations (5, 6) lead to the 
prediction that selenate should be the 
exclusive oxidation state in oxic seawa- 
ter. These same calculations lead to the 
prediction that the ratio of selenate to 
selenite should be unity at an ambient pE 
of 6.1 (3, whereas in anoxic reducing 
systems selenide should become the sta- 
ble dissolved form. 

These calculations should be consid- 
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ered with caution since they ignore the 
apparent stability of thermodynamically 
unstable species as a result of kinetic 
effects as well as the biologically mediat- 
ed production of unstable species. In- 
deed, data obtained by Measures et al. 
(4) show that approximately 35 percent 
of the total selenium found in oxygenat- 
ed deep seawater is selenite. By examin- 
ing the speciation of selenium in areas 
with extreme oxidation-reduction condi- 
tions (that is, anoxic basins and fjords), it 
may be possible to observe both biologi- 
cal and thermodynamic effects and in the 
process to illuminate details of seleni- 
um's biogeochemical cycle. This report 
presents what I believe are the first data 
on selenium species in reducing and an- 
oxic waters. 

Samples were taken in the Saanich 
Inlet, an intermittently anoxic fjord lo- 
cated along the southeastern portion of 
Vancouver Island, Canada, aboard the 
R.V. Alpha Helix in May 1981. The 
station (4g032.2'N, 123'32.7'W) has a 

water depth of 196 m. The interface 
between H2S and O2 was at approxi- 
mately 175 m. A suboxic zone, charac- 
terized by low O2 values (< 10 FIM) and 
nitrate reduction (nitrite maximum of 0.5 
FM at 130 m), extended from approxi- 
mately 110 to 170 m. Waters above this 
depth were considered oxic. 

Samples for selenite, selenate, and dis- 
solved organic selenide analysis were 
passed through 0 .4 -~rn  Nucleopore fil- 
ters and stored in borosilicate bottles at 
pH 1.5 (HC1). Analyses were completed 
within 3 months of sampling. Other 
workers (8) have demonstrated that this 
storage method does not alter the con- 
centration or identity of selenate and 
selenite over this time period. The meth- 
od of analysis for selenite and selenate 
consists of hydride generation, liquid ni- 
trogen-cooled trapping, and atomic ab- 
sorption detection (9). Analysis for total 
dissolved selenium, which includes dis- 
solved organic selenide, is performed by 
boiling a 50-ml sample acidified to 4M 
with HC1, to which 1 ml of a 2 percent 
(weight-volume) potassium persulfate 
solution has been added, for 1 hour. The 
resultant solution is analyzed as selenite. 
The characterization of the dissolved or- 
ganic selenide entails analyzing 50-ml 
samples by means of a method devel- 
oped for free and combined (peptide) 
amino acids [see (10) for an example of 
its usage with seawater samples]. The 
seawater is acid-hydrolyzed, rotary- 
evaporated to dryness, taken up in dis- 
tilled water with pH adjustment to 9.0, 
and passed through a copper sulfate- 
treated Chelex 100 column. This column 
chelates free amines, which can then be 
eluted with NH40H. The column flow- 
throughs and elutions are treated as for 
total selenium. 

In order to sample for hydrogen sele- 
nide (HSe-- + H2Se), water from the an- 
oxic region was anaerobically trans- 
ferred into a 1-liter stripping vessel. Heli- 
um purged the vessel and was routed 
into two gas impingers in series, each 
filled with 20 ml of 7M HNO,. Upon 
acidification of the sample to 1M HCI, 
H2Se evolved and was oxidized in the 
impingers to selenite. This method has 
been shown to be 100 percent efficient 
for hydrogen selenide concentrations up 
to 100 ng per liter. The H N 0 3  solutions 
were taken to dryness, and distilled wa- 
ter portions analyzed for selenite. Sam- 
ples from the anoxic region were also 
analyzed for dimethyl selenide. In the 
procedure one uses the gas stripping 
vessel with 1 liter of seawater, 90 min- 
utes of helium stripping and liquid nitro- 
gen-cooled trapping, gas chromato- 
graphic separation, and photoionization 
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Fig. 1. (a) Saanich Inlet profile of selenite [Se(IV)], selenate [Se(VI)], and total dissolved 
selenium. (b) Profile of hydrogen selenide (HSe- + H2Se) and organic selenide in the Saanich 
Inlet. Waters above the oxic line have 0, concentrations greater than 10 pM.  Waters below the 
anoxic line have O2 concentrations below the limit of detectability (< 0.4 pM) and H,S is 
present (8 pM maximum in the bottom water). 

detection. With a relative detection limit 
of 9 pM, no dimethy! selenide was found 
in the anoxic water. 

Figure 1, a and b, shows the selenium 
depth profiles for the Saanich Inlet. The 
profile for total dissolved selenium (Fig. 
la)  shows an increase in concentration 
with depth into the suboxic zone but a 
general decrease within the deeper re- 
ducing and anoxic waters. The selenite 
profile [Se(IV)] in the upper 110 m (Fig. 
la) basically resembles that of oceanic 
waters, with marked depletion in ' the 
surface waters and an increase with 
depth through the thermocline. Howev- 
er, the selenite concentration decreases 
within the suboxic zone and is near the 
detection limit (0.01 nMlkg) in the anoxic 
zone. Selenate [Se(VI)] exhibits a gener- 
al decrease in concentration from the 
surface maximum to values at the detec- 
tion limit in the anoxic zone. Contrary to 
what was expected on the basis of ther- 
modynamic predictions, hydrogen sele- 
nide concentrations are almost below the 

limit of detection in the anoxic region 
(Fig. lb). In waters below the still depth 
(70 m), dissolved organic selenide (the 
difference between total dissolved sele- 
nium and selenate plus selenite) begins 
to increase rapidly with maximum values 
through the suboxic and anoxic zones 
(Fig. lb); none could be detected in the 
surface waters. 

To my knowledge, the existence of a 
dissolved organic selenide species has 
not been reported in the literature, and 

0 > .- ,- 
m - 

Fig. 2. Results of the selenium regeneration 
experiment. Fresh zooplankton (euphausiids) ,5 
and source term particles (almost exclusively 
fecal material) were collected and processed 
by S. Fowler and J .  LaRosa on the Vertex I 
cruise off the central California coast in Au- 
gust to September 1980. The zooplankton 

Source term 
organic selenide 

{total selenium, 3.60 pglg) and source term 
material (total selenium, 1.79 pglg) were incu- 
bated in aerated filtered surface seawater at 
18°C. Portions of these water s a m ~ l e s  vassed 
through 0.4-pm filters (stored frizenj were 0 2 4 6 8 
analyzed as described in the text. Incubation time (days )  

its identity was puzzling. The analytical 
technique used in this study requires that 
selenium be in the form of selenite. The 
selenide fraction is oxidized to selenite 
with persulfate in an acidic medium. The 
list of environmentally plausible seleni- 
um compounds that contain selenide, are 
soluble, and are relatively stable to oxi- 
dation in the water column (the selenide 
fraction was found into the oxic zone) is 
rather limited. [No detectable dimethyl 
selenide, a possible reduced form 
thought to be a result of biomethylation 
(11) was found.] Several of the possible 
compounds are selenium-containing arni- 
no acids [that is, selenomethionine and 
selenocystine, where selenium (oxida- 
tion state -2) is covalently bonded to 
carbon], primarily in the form of dis- 
solved peptides. To  check this possibili- 
ty, total amino acids from acid-hydro- 
lyzed samples (175, 180, and 190 m) were 
chelated on copper sulfate-treated Che- 
lex-100 columns and eluted, and the elu- 
ate was analyzed for total dissolved sele- 
nium. An average of 65 percent (N  = 12) 
of the dissolved organic selenide could 
be accounted for in the total amino acids 
fraction. I believe that this is a minimum 
value for two reasons. First, the samples 
were not properly stored for optimal 
amino acid preservation (10). Second, 
the selenium amino acids are not stable 
with respect to  acid hydrolysis and tend 
to degrade. 

The profiles of the various selenium 
species in the Saanich Inlet show the 
complex nature of selenium's biogeo- 
chemistry. In the oxic waters, both sele- 
nate and selenite are present, even 
though selenate is the only thermody- 
namically predicted form. Selenate and 
selenite are present at close to the limit 
of detectability in the anoxic waters, an 
indication that some removal process is 
operative. However, very little hydrogen 
selenide, the thermodynamically predict- 
ed form, is found in this region. Instead, 
the dominant species in the reducing 
waters is organic selenide. 

There are several possible scenarios 
that might help to  explain these profiles. 
An examination of the total dissolved 
selenium distribution with depth shows 
that it resembles those of other trace 
elements (12), with depletion in the sur- 
face waters and enrichment at  depth. 
This is typically explained as due to  a 
process consisting of the incorporation 
of the dissolved elements into biogenic 
particulates in the surface waters, verti- 
cal transport, and regeneration from the 
particulate to dissolved state in deeper 
waters as a result of particle degradation. 
The profiles can be  affected by the input 
rates of the dissolved components at the 
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surface, particle degradation rates, and 
physical mixing processes. In addition to 
particulate removal and regeneration, se- 
lenium can also undergo oxidation-re- 
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Organic Matter in a Coal Ball: Peat or Coal? 

Abstract. Chemical analyses of morphologically preserved organic matter in a 
Carboniferous coal ball reveal that the material is coalijied to a rank approximately 
equal to that of the surrounding coal. Hence, the plant tissues in the coal ball were 
chemically altered by coalijication processes and were not preserved as peat. 

of selenium species. These data are from 
an experiment on the regeneration of 
selenium from two types of marine par- 
ticulate matter, zooplankton and source 
term material (fresh biogenic particles 
produced by these zooplankton). The During the Carboniferous and Permian 

periods, extensive deposits of peat accu- 
mulated and were later transformed to 
coal. Early in their development, some 

cally preserved even though chemical 
tests for starch were negative. 

Clearly, the chemical character of or- 
collection and handling procedures for 
both the zooplankton and source term 
material have been detailed in (13). Or- ganic matter in coal balls has not been 
ganic selenide is rapidly and primarily 
released during biodegradation, selenite 
begins to increase during the time of the 

of these peat deposits were impregnated 
with pore fluids from which primarily 
calcium carbonate was precipitated. The 

resolved, and uncertainty exists as  to  
whether this material is peat o r  coal. We 
now report the results of an investigation 
that conclusively identifies the chemical 
composition of organic matter entombed 

experiment, and no selenate is produced 
during this time (Fig. 2). 

These data suggest that at least some 

calcium carbonate permineralized some 
of the peat, leading to the formation of 
the carbonate nodules now known as  in a carbonate coal ball. In our studv we 

also examined the relation between the 
organic constituents of the coal ball and 
the coal from which it was taken. 

We selected the petrified stem of a 
medullosan seed fern in a coal ball from 
the Herrin (No. 6) Coal Member of the 
Carbondale Formation (Middle Pennsyl- 
vanian) in Illinois (6). Xylem, scleren- 
chyma, resin rodlets associated with 

of the selenium in biogenic matter under- 
goes a multistep regeneration. The sig- 
nificance of this idea for the Saanich 

carbonate coal balls. The mineral also 
preserved the morphological characteris- 
tics of some of the plant remains, provid- 

Inlet data is that each of the species ing paleobotanists with an insight into 
the anatomy of vascular plants in the late 
Paleozoic (I). 

produced has its own thermodynamic 
and kinetic stability. Dissolved organic 
selenide would be most stable under Most carbonate coal balls contain 1 to 

5 percent organic matter (I) which has a 
brownish, cellular appearance similar to 

anoxic conditions, and perhaps the re- 
generation would only proceed to this 
step. Correspondingly, the production of 
selenite and selenate by the oxidation of 
organic selenide might be the final regen- 
eration step in oxic waters. This scenario 

that of some Holocene peat. Conse- 
quently, this organic matter commonly 
has been called "fossil peat" (2). Al- 

sclerenchyma, and parenchymal tissues 
were isolated from residue that remained 
after the stem was treated with 2N aque- 

though the organic matter in coal balls 
generally is thought to have been altered 
chemically (3), some have argued that 

ous hydrochloric acid to remove the car- 
bonate matrix. These and small frag- 
ments of the coal attached to the outer 

would also necessitate that selenium's 
uptake into biological particulate materi- 
al include an oxidation state change (that the material was preserved as  peat and 

is, therefore, lignocellulosic in nature 
(4). Baxter (5) claimed to have identified 
microscopic "starch grains" in a coal 

rim of the coal ball were subjected to  
petrographic, elemental (C, H ,  N ,  and 
O), and solid-state 13C nuclear magnetic 
resonance (NMR) analyses. 

A small fraction that settled rapidly in 
the aqueous acidic medium consisted 
mostly of pyrite grains and woody splin- 

is, reductive incorporation). The exact 
nature of the biogeochemical cycle of 
selenium, and the determination of 
whether the cycle includes some of these 
features, remains to be elucidated. 

GREGORY A. CUTTER* 
Center for Coastal Marine Studies, 
University of California, 
Santa Cruz 95064 

ball, implying that the starch was chemi- 

ters-mainly xylem tissue-impregnated 
with pyrite. The amount of organic mat- 
ter recovered in this fraction was insuffi- 

Table I .  Elemental composition of each sam- 
ple on a dry, ash-free basis. Compositions 
were determined with a Carlo Erba C, H ,  N, 
0, and S analyzer. cient for complete chemical analysis; 

therefore, its chemical composition is 
not addressed. Much of the residue from 
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