
about 6400 years ago. This is at least 
1500 years after major changes in lake 
level or vegetation occurred in or near 
the study area. 

The grain size profile of 23P is too 
noisy to compare with 24P (Fig. I) ,  per- 
haps because of local current eddies in 
the vicinity of site 23P. The profile was 
smoothed by plotting a running three- 
point average of median grain size-that 
is, the median grain size at each depth 
was changed to the average of the medi- 
ans of the sample above, the one at the 
depth, and the one below. This profile 
compares roughly with the unaltered 
profile in core 24P (Fig. 2). No strong 
episodic signal emerges of grain size 
versus depth other than downcore coars- 
ening. There appears to be a slight corre- 
lation of two relatively fine-grained inter- 
vals (A and B in Fig. 2). Assignment of 
absolute ages to the intervals on the 
basis of their magnetic profiles is not 
possible because the upper parts cannot 
be correlated with confidence to other 
dated profiles (15, 16). Linear interpola- 
tion between core top and the postgla- 
cial-glacial contact date events A and B 
at about 500 and 3500 years ago, respec- 
tively. 

In summary, the five cores from Lake 
Superior that show a downcore increase 
in the median grain size indicate that 
bottom-water circulation in Lake Superi- 
or was stronger between 9500 and 6500 
years ago than afterward. Because the 
bottom currents are driven primarily by 
large storms, the data on grain size sug- 
gest more frequent or more intense 
storms in the early Holocene as the 
Laurentide ice sheet retreated than after 
its disappearance at about 6500 years 
ago. Grain size and paleomagnetic data 
for the late Holocene provide weak evi- 
dence for periods of decreased storm 
activity about 500 and 3500 years ago. 

JOHN D. HALFMAN 
THOMAS C. JOHNSON 

Duke University Marine Laboratory, 
Beaufort, North Carolina 28516 
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Precipitation of Sulfide Ores and Organic Matter: 
Sulfate Reactions at Pine Point, Canada 

Abstract. Bitumen is a common associate of carbonate-hosted lead-zinc deposits. 
On the Pine Point lead-zinc property, Northwest Territories, Canada, there are two 
forms of bitumen. Unaltered bitumens have atomic hydrogenlcarbon ratios of about 
1.4, sulfur contents of about 7.8 percent, and sulfur isotope ratios ( 6 3 4 ~ )  of 
approximately +4.6 per mil. Altered bitumens occur in proximity to sulfide ore 
bodies and white sparry dolomite. Their hydrogenlcarbon ratios are about 1.02, the 
sulfur contents average 22 percent, and the 6 3 4 ~  values are about +12.4 per mil. 
These data indicate that some bitumen has participated in the thermochemical 
reduction of sulfate to produce hydrogen sulfide required to precipitate the ores. 
Mass balance considerations show that the amount and degree of alteration of 
bitumen is more than adequate to account for the reduced sulfur species (lead, zinc, 
and iron sulfides) deposited at Pine Point. These reactions may provide an important 
means of generating the large volumes of sulJide necessary to precipitate ore bodies 
in carbonate rocks. 

Lead-zinc deposits hosted by unmeta- 
morphosed sedimentary carbonate rocks 
are thought to originate by normal sedi- 
mentary and diagenetic processes (I). 
Nevertheless, these deposits present 
many perplexing problems, including the 
sources of metals and sulfides, the pre- 
cipitation mechanisms, and the environ- 
ment and timing of precipitation (2). Bi- 
tumen and heavy oil are often intimately 
associated with the ore bodies, and it has 
been a continuing question whether such 
organic matter is involved in the forma- 
tion of the sulfide (1, 3). 

The Pine Point lead-zinc field, North- 
west Territories, Canada, is located in a 
Middle Devonian carbonate barrier com- 
plex (4). It has served as a model for the 
popular Jackson-Beales hypothesis of a 
sedimentary-diagenetic origin for car- 
bonate-hosted lead-zinc deposits (5). As 
is common with this type of deposit, 
bitumen is intimatelv associated with the 
ore. Organic geochemical studies (6) 
have shown that the host rocks at Pine 

Point occur at the threshold of petroleum 
generation (60°C or less), and that the 
heavy oil-bitumen has originated, more 
or less in situ, from relatively immature 
organic-rich rocks in the barrier com- 
plex. Fluid inclusion data indicate that 
the dolomitized and mineralized zones 
represent thermal anomalies [up to 100°C 
(7)] with respect to the host rocks. With- 
in these zones, heavy oils and bitumens 
have been altered by heat and reaction 
with sulfur to form an insoluble pyrobitu- 
men (6). Sulfur isotopic measurements 
on a few bitumens have suggested that 
thermochemical reduction of sulfate (8) 
by bitumen was the mechanism for for- 
mation of hydrogen sulfide and the pre- 
cipitation of the metals (6). 

To further evaluate this process, we 
collected 50 additional samples ranging 
from liquid heavy oil to pyrobitumen 
from the Pine Point property. The bitu- 
mens were analyzed for carbon, hydro- 
gen, nitrogen, and sulfur (9), and oxygen 
was determined by difference after cor- 



rection for ash content (Table 1). Soluble 
bitumens and heavy oils have high atom- 
ic HIC ratios (- 1.44). They occur in the 
host rocks and are largely unaltered (6). 
Insoluble pyrobitumens have low atomic 
HIC ratios (- 1.02) and are altered (6). 
They occur in white coarsely crystalline 
dolomite (10) or sulfide mineralization. 
Other bitumens have intermediate atom- 
ic HIC ratios (- 1.20), indicating partial 
alteration. 

The altered bitumens have higher sul- 
fur contents (- 22 percent) than the un- 
altered bitumens (- 7.8 percent) (Table 
1). Samples with the highest atomic SIC 
ratios have the lowest atomic HIC ratios 
(Fig. 1). Analysis of the sulfur isotopic 
compositions of selected bitumens (Ta- 
ble 1 and Fig. 2) shows that there is an 
increase in 634S value with increasing 
sulfur content and that the most altered 

bitumens have the most positive 8 3 4 ~  
values. These d a ~ a  indicate that isotopi- 
cally heavy sulfur was added during the 
alteration process. Furthermore, the in- 
crease in sulfur content and 634S values 
in some of the "unaltered" bitumens 
shows that they also have had isotopical- 
ly heavy sulfur added to them. All bitu- 
mens have low oxygen and nitrogen con- 
tents with the altered forms having 
slightly lower values than the unaltered 
forms (Table 1). 

Thermal alteration of organic matter in 
the geological environment involves pro- 
cesses such as dehydration, decarboxyl- 
ation, and cracking (11). In carbonate 
rocks, sulfurization becomes important 
because reactive iron is not available to 
remove the sulfur as iron sulfides (8). 
Hydrogen sulfide can react by nucleo- 
philic substitution of oxygen and nitro- 

Altered * Unaltered 
Partly altered 

Elemental analysis 
SbC %H %N %S %O 

A 80.45 10.20 0 55  5.80 3.01 

B 69.30 5.74 0.26 23.84 0 85  

C 78.26 9.10 0.43 11.57 0.65 

D 77.16 7 29 0.44 12.33 2 27 
E 69.07 5.82 0 4 9  23.10 1.53 

0 4 
0 0.02 0.04 

OIC 

Fig. 1 .  Relations between atomic ratios of carbon, hydrogen, oxygen, and sulfur in the Pine 
Point bitumens. Lettered samples refer to samples mentioned in the text and to elemental 
analyses. Arrows represent trends of composition due to the following reactions: -H,O = de- 
hydration; -CHZ = cracking of hydrocarbons; + S  = addition of sulfur; -H = dehydrogena- 
tion; -O+S = substitution of sulfur for oxygen; and -CO, = decarboxylation. 

gen, whereas elemental sulfur is an oxi- 
dizing agent and reacts readily with or- 
ganic matter to form H2S (12). These 
reactions can be distinguished in the 
bitumens if one plots elemental ratios on 
Van Krevelen type diagrams [Fig. 1 
(13)l. Simple reactions such as loss of 
C 0 2  and addition of sulfur are represent- 
ed by lines of different slope from the 
point representing the sample under con- 
sideration (Fig. 1). 

Figure 1 shows that the composition of 
the altered bitumens is due primarily to 
reaction of the precursor bitumen with 
elemental sulfur. The transformation of 
an unaltered bitumen to an altered bitu- 
men (transformation A to B in Fig. 1) by 
reaction with sulfur must have the form: 

if the proportions of carbon, hydrogen, 
sulfur, and oxygen in altered and unal- 
tered materials are to be maintained. 
Nitrogen contents are minimal and can 
be neglected in this discussion (Table 1). 

Hydrogen sulfide is a major product of 
Eq. 1 and could be the means for precipi- 
tating the metals at Pine Point. The addi- 
tion of sulfur in Eq. 1 is accompanied by 
a decrease in the atomic OiC ratio. Part 
of the variation in atomic OiC ratios of 
the bitumens may be due to analytical 
error at these low oxygen contents. 
However, the plot of atomic OIC versus 
SIC ratios (Fig. 1) and the changes in 
634S of the "unaltered" bitumens (Fig. 2) 
show that the variation in OIC ratios can 
also be due to nucleophilic substitution 
of sulfur for oxygen by H2S. In the 
transformation A to B (Fig. I), the atom- 
ic SIC ratio increased from 0.027 to 0.138 
and the atomic OIC ratio decreased from 
0.026 to 0.009. Thus, 15 percent of the 
increase could be accounted for by nu- 
cleophilic substitution of oxygen by sul- 
fur derived from H2S. In contrast, in the 
partial transformations that occur in the 
unaltered bitumens (for example, trans- 
formation A to C in Fig. I), 71 percent of 
the small increase in sulfur content can 
be accounted for by substitution of oxy- 
gen by sulfur. Cracking and loss of hy- 
drocarbons did occur and accounts for 
the composition of some partly altered 
bitumens (Fig. 1). 

The stoichiometry of Eq. 1 can be 
used to calculate the isotopic composi- 
tion of the sulfur-sulfide required to con- 
vert the least altered bitumen (634S = 

+3.15 per mil: point A in Figs. 1 and 2) to 
an altered bitumen (634S = +14.5 per 
mil: point B in Figs. 1 and 2). The 
calculated value for this reactant sulfur is 
+ 18.3 per mil. In a similar manner, equa- 
tions for transformations A to C, A to D, 
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and A to E (Figs. 1 and 2) give 634S 
values for the reactant sulfur-sulfide of 
+ 14, +31.1, and + 11.9 per mil, respec- 
tively. The isotopic composition of the 
reactant sulfur and the native sulfur at 
Pine Point varies from values above to 
values below that for coeval sulfate 
[634S = +19.0 per mil (Table I)]. This 
signifies the existence of a kinetic iso- 
tope effect in the reaction that produced 
the sulfur. 

The increase in 634S values of bitumen 
with thermal alteration is similar to that 
observed for sulfur in oils and gas in 
some petroleum basins (8, 14). Orr sug- 
gested (8) that sulfate reacts with H2S at 
temperatures above 75°C to produce ele- 
mental sulfur, which in turn reacts with 
organic matter to produce H2S as fol- 
lows: 

S042- + 3H2S -+ 4S0 +2H20 +20H- 
(2) 

4S0 + 1.33(CH2) + 2.66H20 + 
4H2S + 1.33C02 (3 

These reactions have been demonstrated 
experimentally at a temperature of 175°C 
(8). Extrapolation of the kinetic data 
indicates their feasibility in geological 
systems at lower temperatures (- 100°C) 
(8). 

Equation 3 represents complete oxida- 
tion of organic matter, whereas at Pine 
Point (Eq. 1) oxidation of the bitumen 
was incomplete and was accompanied by 
extensive sulfurization. This reflects the 
mild reaction conditions (75" to 100"C), 
which were maintained only for the rela- 
tively short period of dolomitization and 
mineralization and is in contrast to the 
higher temperatures and millions of 
years available in deep petroleum basins. 
The reactions at Pine Point are best 
represented by Eqs. 1 and 2. 

Hydrogen sulfide is required to initiate 
the reaction. At Pine Point, the initial 
reactant H2S was probably formed by 
cracking of organic matter. Since this 
process occurs with negligible isotopic 
fractionation (8), its isotopic composi- 
tion would be that of the parent bitumen 
( s ~ ~ S  = +3.15 per mil). If this H2S react- 
ed with coeval sulfate (634S = +19 per 
mil), then from Eq. 2 the 634S value of 
the first-formed sulfur and H2S was +7.1 
per mil. If this H2S reacted with more 
sulfate and so on. about ten iterations 
would be required for the reactant sulfur 
to reach a 634S value of + 18.0, the value 
required to satisfy the isotopic relation of 
the transformation A to B (Fig. 2 and Eq. 
1). In this process, isotopically light sul- 
fur became incorporated into the organic 
matter (for example, transformations A 
to C and A to E in Fig. 2). This process 
cannot account for sulfur with S34S val- 

HIC 1.40-1.52 
4 HIC 0.90-1.13 

2 4 8 8 10 12 14 18 18 

S 34 S (per mil) 

Fig. 2. Relation between sulfur isotopic com- 
position and sulfur content in the Pine Point 
bitumens. The P 4 S  values are relative to 
CaAon Diablo troilite. Letters refer to samples 
mentioned in the text. 

ues in excess of that for coeval sulfate 
(transformation A to D in Fig. 2 and 
Table 1). This reaction could only occur 
if isotopic fractionation occurred in Eq. 2 
and is in contrast to earlier suggestions 
that it proceeded with no isotopic frac- 
tionation (8). 

The kinetic isotope effect for S-0 
bond rupture is of the order of 20 per mil 
(15). However, this fractionation effect 
will only be seen at places like Pine Point 
where intermediate reaction products in 

the form of sulfur and altered bitumens 
with variable 634S values are preserved. 
The overall effect of continuing reactions 
is to homogenize the isotopic composi- 
tion of the sulfide about the 634S value of 
the parent sulfate, as occurs at Pine 
Point (Table 1). The mechanism also 
explains the few low 634S values found in 
metallic sulfides at Pine Point [for exam- 
ple, +12.2 per mil for galena (16)l. The 
existence of isotopically heavy sulfur 
also requires that the sulfate reservoir be 
at least a partially closed system. This 
could occur if the rate of migration of 
soluble sulfate into the reaction zone, 
represented by the thermal anomaly, is 
slower than the reaction rate. 

Using Eq. 1, we find that the amount 
of organic matter required to generate 
the 8.1 x lo6 metric tons of reduced 
sulfur (17) present in the ore bodies on 
the Pine Point property is 16.8 X lo6 
metric tons, which is equivalent to 
110 x lo6 barrels of bitumen-heavy oil. 
The amount of bitumen occurring at Pine 
Point is not known, but 110 x lo6 bar- 
rels is not unreasonable when compared 
with the in-place reserves of oil in Mid- 
dle Devonian fields downdip from Pine 
Point (3929 x lo6 barrels) (18). The reac- 
tion of organic matter with sulfur is not 
necessarily confined to bitumen. The 

Table 1. Atomic HIC ratios of bitumens; oxygen, nitrogen, and sulfur contents of bitumens; and 
634S values for the sulfur species at Pine Point. 

Sample Mean and standard 
error of mean Range 

Atomic HIC ratio of bitumens 
Unaltered 1.44 ? 0.01 1.39 to 1.52 
Altered 1.02 2 0.01 0.90 to 1.10 
Partly altered 1.16 r 0.02 1.11 to 1.28 

Oxygen contents of bitumens (%) 
Unaltered 2.91 + 0.32 0.65 to 5.76 
Altered 1.51 + 0.20 0.68 to 2.85 
Partly altered 3.47 t 0.53 2.09 to 4.77 

Nitrogen contents of bitumens (%) 
Unaltered 0.45 t 0.02 0.33 to 0.94 
Altered 0.34 + 0.02 0.25 to 0.49 
Partly altered 0.51 2 0.08 0.35 to 0.94 

Sulfur contents of bitumens (%) 
Unaltered 7.80 + 0.32 3.56 to 11.57 
Altered 22.04 t 1.23 9.23 to 27.63 
Partly altered 11.94 + 1.95 5.22 to 20.09 

634S values of sulfur species (per mil)* 
Unaltered bitumen? +4.6 t 0.40 +2.3 to +7.5 
Altered and partially altered +12.44 r 0.74 +3.0 to +17.9 

bitument 
Elemental sulfur (6, 16) +19.02 r 1.32 +13.3 to +25.1 
Sphalerite (6, 16) +21.6 t 0.22 +17.7 to +24.1 
Galena (16) +18.4 t 0.45 +12.2 to +22.4 
Pyrite (16) +19.7 t 0.83 +15.5 to +23.0 
Marcasite (16) +19.3 t 0.45 + I 5 2  to +22.2 
Anhydrite (SO4'-) (16) +19.0 t 0.26 +18.4 to +19.8 

*The sulfur isotopic ratio is given by 

where the standard is Cadon Diablo troilite. tAnalyses by Geochron Laboratories Division, Kmeger 
Enterprises Inc., Cambridge, Massachusetts. 
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coarsely crystalline dolomite is more 
widespread than the ore (4). Any organ- 
ic-rich rock affected by this dolomitiza- 
tion (and hence temperatures of 7.5" to 
100°C) will also generate H2S. Facies F 
of the barrier complex contains an aver- 
age of 3.75 percent organic carbon (6). 
Approximately 0.13 km3 of facies F 
would contain the 16.8 x lo6 metric tons 
of organic matter required for the gener- 
ation of sulfide at Pine Point by Eq. 1. 
The total volume of facies F is about 5 
km3 (4), and thus only 2.6 percent would 
need to be fully altered for the generation 
of sufficient sulfide to account for the ore 
bodies. From these considerations, there 
appears to be no constraint regarding the 
availability of organic matter for sulfide 
generation. 

The precipitation of metals by H2S, 
formed by in situ thermochemical reduc- 
tion of sulfate at Pine Point, is consistent 
with the temperature of formation of the 
ore bodies; the amounts, alteration, and 
composition of the bitumen; the pres- 
ence of native sulfur; and the isotopic 
composition of the various sulfur spe- 
cies. Such reactions may have provided 
an important means of generating the 
large volumes of sulfide necessary to 
precipitate sulfide ore bodies in sedimen- 
tary carbonate rocks. 

TREVOR G. POWELL* 
Institute of Sedimentary and Petroleum 
Geology, Geological Survey of Canada, 
Calgary, Alberta T2L 2A7 

ROGER W. MACQUEEN 
Department of Earth Sciences, 
University of Waterloo, 
Waterloo, Ontario, Canada N2L 3G1 
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Polyene Toxicity in Renal Medulla: Injury 
Mediated by Transport Activity 

Abstract. Polyene antibiotics such as amphotericin and nystatin increase mem- 
brane permeability and thus increase the amount of oxygen consumed in active 
electrolyte transport. In isolated perfused rat kidneys, the polyenes produced 
extensive injury to the medullary thick ascending limb, a segment of the nephron with 
limited oxygen supply. This damage was prevented if reabsorptive transport was 
inhibited by ouabain. Cell death under these circumstances thus appears to be 
mediated by increased oxygen demand for transport activity. 

Acute renal failure is a well-known 
complication of amphotericin therapy, 
thought to be related at least in part to 
the increased membrane permeability in- 
duced by polyene antibiotics (I),  which 
leads to disruption of the internal elec- 
trolyte milieu and disordered volume 
regulation in cells (2). Which of the many 
consequences of membrane damage 

caused by polyenes is ultimately respon- 
sible for cell death is unknown (3). In- 
creased permeability triggers a compen- 
satory increase in the rate of active elec- 
trolyte transport, associated with a rise 
in oxygen demand (4), but the signifi- 
cance of these changes for the generation 
of injury is not generally recognized. We 
report that in isolated perfused rat kid- 

Table 1. Effects of amphotericin (3 x 10-'M) and nystatin (200 Ulml) on renal funct~on and 
structure in comparison with regular perfusions (control) and perfusions equilibrated with 95 
percent N2 and 5 percent C 0 2  (hypoxla). Functional parameters are whole kidney measure- 
ments and include renal perfuslon flow, oxygen consumption (Qo2), and tubular reabsorption of 
sodium (expressed as TNa/Qo2). Quantitation of histological injury (evaluated without knowl- 
edge of experimental conditions) is for the mTAL only and is expressed as the proportion of 
tubules affected by severe damage (illustrated in Fig. 1, A and B). The polyenes led to a 
recruitment of all tubules by a lesion   den tical to that seen In control and hypoxic perfusions and 
shown to be der~ved from local oxygen deficiency (6) but much more extensive. Treatment with 
ouabain (10-'M) 20 minutes before the addition of the polyenes essentially eliminated polyene- 
induced damage to the mTAL. The results are expressed as means t standard errors, for three 
to seven experiments per group, at 90 minutes of perfusion, and were analyzed by a multiple 
comparison procedure (Walker-Duncan). 

Flow mTAL's with 
Treatment Qo2 T~aiQo2 (mglmin) (pmoleimin) ((~eqi(~mo1e) severe damage 

(%I 

Control 40.9 t 2.5 3.8 t 0.2 18.6 t 1.2 62 2 12 
Hypoxia 31.9 ? 2.7 0.9 + 0.1 8.9 ? 1.3 85 t 6 
Amphotericin 15.9 + 3.3 4.8 * 1.3 0.5 t 0.4* 100 t 0* 
Nystatin 26.3 ? 3.8 3.8 2 0.4 0.7 t 0.5* 100 ? 0* 
Ouabain and 17.5 + 0.6 1.7 + 0.9 6 t 31 2.4 2 0.1 

amphotericin 
Ouabain and 14.8 * 3.1 2.7 0.2 2.1 t 0.8 0 ? 01 

nystatin 
Furosemide and 26.3 t 1.0 5.7 t 0.5 1.8 2 0.7 100 2 0 

amphotericin 

*Significantly d~tierent (P < 0.05) from control. tslgnlficantly dltierent (P < 0.05) from polyene alone. 
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