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Abstract-Thirty-two Apollo 17 mare basalts have been analyzed for their total sulfur and metallic iron 
abundances. Sulfur abundances range from 1580 to 2770 µg S/g with a median value of 1860 µ,g S/g. 
Metallic iron abundances ranged from 0.033 to 0.21 wt.% Fe0 , with a mean value of 0.13 wt% Fe0 • The 
coarse-grained basalts contain more metallic iron than the fine-grained basalts. The metallic iron and 
sulfur abundances are not apparently related to the cooling rates of the basalts. A slight negative 
correlation exists between the concentrations of metallic iron and total sulfur for the Apollo 17 basalts. 
Sulfur content of the mare basalts increases with increasing degrees of fractionation whereas the 
metallic iron content decreases. Metallic iron in mare basalts may be ascribed to a variety of 
processes; at present the dominant process is unknown. The source regions for the Apollo 17 and 11 
basalts were saturated with sulfur as compared to the Apollo 12 and 15 low titanium basalts which 
were not saturated. 

INTRODUCTION 

ONE OF THE CHARACTERISTICS of lunar basalts is their enrichment in sulfur as 
compared to terrestrial basalts (Gibson and Moore, 1974). In addition, the low 
partial pressures of oxygen associated with the crystallization of lunar basalts 
have resulted in assemblages which are more reduced than terrestrial lavas. 
Metallic iron and the sulfide troilite, which are typically absent in terrestrial 
basalts, are also present in the mare basalts. Gibson and Moore (1974) noted a 
pronounced inverse correlation between total abundance of sulfur and metallic 
iron found in lunar basalts from Apollo 15 (six samples) and 17 (five samples). 
They suggested that the relationship between metallic iron and total sulfur 
resulted from either desulfuration of troilite or variations in the activity of iron 
and sulfur in the melts from which the lunar basalts crystallized. Brett (1975, 1976) 
has further amplified Sato et al. (1973) original suggestion that reduction of the 
mare basalts was caused by sulfur loss. In an attempt to provide evidence for the 
sulfur-loss mechanism, Gibson et al. (1975) performed sulfur isotope measure-
ments on fifteen Apollo 15 and 17 mare basalts in hopes of finding enrichment in 
the heavy isotopes of sulfur for those basalts enriched in metallic iron (or depleted 
in sulfur). However, no fractionation of sulfur isotopes was found within 
experimental error. Thus, the mechanism of sulfur loss by desulfuration of troilite 
or loss of sulfur from a silicate melt in mare basalts is still an open question. In an 
attempt to understand the origin of the metallic iron, especially with respect to the 
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loss of sulfur from troilite or from a silicate melt, we have examined the 
petrography and measured the concentrations of sulfur and metallic iron for 32 
Apollo 17 basalts. The major and minor element chemistry for the 32 Apollo 17 
basalts (Rhodes et al., 1976) permitted evaluation of alternative sources for the 
metallic iron. 

EXPERIMENTAL 

Total sulfur measurements were made using a LECO IR-32 total sulfur analyzer. Sample sizes 
ranging from 20 to 50 mg were combusted in oxygen at 1650°C; the resulting SO2 was measured using 
an infrared Luft-cell detector. The detection limit of the analyzer is 1 µ,gS. The accuracy of the sulfur 
analyses were checked against N .B.S. standard steel 55e (S = 110 ± 10 µ,g Sig) and U .S.G .S. standard 
reference basalt BCR-1 (S = 464 ± 10 µ,g SI g). Experimentally obtained values were within ± 5% of the 
previously reported values. Sample powders had been prepared from 1 to 2 g rock chips by Rhodes et 
al. (1976) using a boron carbide crusher. Prior to sulfur analysis, metallic iron abundances were 
measured magnetically on the sample powders using the procedures of Pearce (1973). Total sulfur and 
metallic iron abundances for the 32 Apollo 17 basalts are given in Table 1. 

DISCUSSION OF RESULTS 

A. Total sulfur analysis 
Total sulfur abundances found for the Apollo 17 basalts in this study are in the 

same range as those reported by Gibson et al. (1975), Petrowski et al. (1974), and 
Moore (1974). Sulfur abundances ranged from 1580 to 2770 µ,g Sig with a mean of 

Table 1. Total sulfur and metallic iron abundances in Apollo 17 basalts 

Total Equivalent Total Equivalent 
Basalt sulfur, wt. Basalt sulfur, wt. 

Sample group' µ,g Sig % Fe0 Sample group' µ,g Sig % Fe0 

70035 A 1580±40 0.147 74245 C 1650±30 0.089 
70135 A 1680±60 0.163 74255 C 1625 ± 30 0.210 
70185 ND 1850±50 0.097 74275 C 1650±20 0.190 
70215 B 2210±30 0.113 75015 A 2205±40 0.065 
70275 B 1850±30 0.120 75035 A 2770±40 0.059 
71035 B 1660±20 0.132 75055 A 2210±20 0.071 
71135 B 1925 ±20 0.119 75075 A 1700±40 0.173 
71136 ND 1720±60 0.114 76136 A 1975±30 0.143 
71175 A 1685 ± 30 0.182 76537 B 1870± 50 0.111 
71546 A 1810±20 0.122 76539 B 1890± 30 0.033 
71566 ND 1760± 40 0.147 77535 ND 1865 ±20 0.151 
71567 ND 1625 ± 30 0.142 78135 ND 1895 ± 30 0.189 
71569 A 2005±40 0.076 78506 ND 1590± 30 0.171 
71577 A 1880±20 0.121 78597 B 1990±30 0.104 
72155 A 1800±60 0.134 78599 A 1890±20 0.130 
74235 A 2030± 30 0.086 79155 A 2025 ±20 0.170 

'From Rhodes et al. (1975) A, B, Care chemical groups. ND represents samples which have not 
been classified by Rhodes et al. (1976). 
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Sulfur in the Apollo 17 basalts and their source regions 1493 

1870 µ.,g Sig and had a median value of 1860 µ.,g Sig. Sixteen coarse-grained basalts 
have a mean of 1705 ± 130 µ.,g Sig whereas sixteen fine-grained basalts have a 
mean sulfur value of 1890 ± 140 µ.,g Sig. The greater sulfur content of the fine-
grained basalts, which cooled faster than the coarse-grained basalts, suggests that 
the coarse-grained basalts may have lost more sulfur during crystallization. 

B. Metallic iron abundances 
Metallic iron abundances ranged from 0.033 to 0.21 wt.% and had a mean value 

of 0.13 ± 0.04 wt.% Fe0 • Sixteen fine-grained basalts have a mean metallic iron 
content of 0.11 ± 0.03 wt.% Fe0 while the thirteen coarse-grained basalts (exclud-
ing 75015, 75035 and 75055) have a mean metallic iron abundance of 0.16 ± 
0.04 wt.% Fe0 • The three coarse-grained basalts (75015, 75035 and 75055) from 
Camelot crater have an average metallic iron abundance of 0.065 wt.% Fe0 • 

C. Total sulfur-metallic iron relationships 
A negative correlation (correlation coefficient= - 0.73) between percent 

metallic iron and total sulfur content for the Apollo 17 basalts is observed in Fig. 
1. The dashed lines are the lines for the theoretical desulfuration of FeS. The 
negative correlation between sulfur and metallic iron had been noted previously 
(Gibson and Moore, 1974; Gibson et al., 1975; Brett, 1975, 1976). Earlier, Gibson 
and coworkers along with Brett suggested that the negative correlation between 
metallic iron and sulfur resulted entirely from desulfuration of the basalts prior to 
their final crystallization. However, the data presented in Fig. 1, indicates a more 
complex relationship that may involve the chemical group, grain size and 
fractionation or differentiation history of each basalt. This complex relationship is 
discussed in more detail below. 

Examination of Fig. 1 reveals that for the most part the fine-grained and 
coarse-grained basalts cluster in well-defined groups which are independent of the 
chemical groupings as defined by Rhodes et al. (1976). Station 9 basalt 79155 has 
been heavily shocked and contains glass-filling fractures which contain metallic 
iron. Much of the iron is associated with the glass-filling event and not directly 
associated with the crystallization or cooling history of the rock. Therefore, this 
sample should be excluded from further consideration because of the nature of 
the secondary iron formation. The group of three basalts from Camelot crater 
(75015, 75035, and 75055), which represent the most differentiated Apollo 17 
basalts (Rhodes et al., 1976), contain the most sulfur (mean of 2395 µ.,g Sig) and the 
least metallic iron (mean of 0.065 wt.% Fe0 ). The coarse-grained basalts, because 
of their slower cooling histories, may be subjected to outgassing or reduction 
processes prior to their complete solidification which may lead to the formation of 
metallic iron in the basalts by various mechanisms. Thus, as is observed in Fig. 1, 
the fine-grained basalts have less metallic iron (mean of 0.11 wt.% Fe0

) as 
compared to the coarse-grained basalts (mean metallic iron content of 0.16 wt.% 
Fe0 ). However, the higher abundances of metallic iron in the coarse-grained 
samples may also be related to rock compositions and the oxygen fugacity. 
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Fig. 1. Inverse relationship between metallic iron and total sulfur for the Apollo 17 
basalts. Correlation coefficient= -0.7. The basalt groups are from Rhodes et al. (1976). 

The dashed lines represent the theoretical paths for desulfuration of FeS. 

D. Nature of iron and troilite in the basalts 
Gibson and coworkers (1974, 1975) and Brett (1975, 1976) have noted that 

sulfur loss may account for the reduced nature of mare basalts. They pointed out 
that the inverse correlation between metallic iron and sulfur may result from loss 
of sulfur from a silicate or sulfide melt from which the mare basalts formed. In order 
to determine if this desulfuration process was dominant in the formation of the 
metallic iron, we examined the textural relations of metallic iron and troilite with 
respect to the general petrography of the Apollo 17 basalts. 

As in the Apollo 11 high-titanium basalts (Skinner, 1970), most of the troilite in 
Apollo 17 basalts have metallic iron inclusions. These composite grains are 
present as spherical masses within the mesostasis or in contact with ilmenite (Fig. 
2a) or armalcolite. The sulfide spheres formed as droplets of an immiscible sulfide 
liquid, similar to those observed in certain terrestrial magmatic ore deposits 
(Naldrett and Kullerud, 1967). The droplets in the mesostasis are more abundant 
in the rapidly cooled basalts, whereas in the more slowly cooled basalts, these 
immiscible sulfides appear to have preferentially adhered to the Fe-Ti oxides. The 
surface energy of these oxides probably provides a favorable site for the 
adherence of liquid sulfide droplets. The interpretation of the resultant texture 
observed between iron and troilite is equivocal and furthermore is dependent on 
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Sulfur in the Apollo 17 basalts and their source regions 

Fig. 2. (a) Troilite (gray)-metallic iron (white) intergrowth adhering to an ilmenite grain 
(dark gray). Field of view, 110 JLm. (b) Ragged metallic iron grain (white) possibly 
resulting from desulfuration of troilite. Single grain of iron in troilite (light gray) 
~ssociated with ilmenite. Field of view 270 JLm. (c) Metallic iron (white) associated with 
rutile (light gray), spinel (dark gray) and ilmenite (gray) possibly resulting from an 
isochemical reduction. Field of view 110 JLm. (d) Primary troilite grain (white) associated 

with ilmenite. Field of view 270 JLm. 

1495 

the composition of the immiscible sulfide droplet. These composite troilite and 
iron grains may represent crystallization directly from a sulfide liquid of near 
Fe-FeS eutectic composition, or result from desulfuration of a troilite or 
immiscible sulfide liquid of near troilite composition. 

Iron grains formed as the result of total desulfuration should show ragged 
grain boundaries and an apparent "void" around them (corresponding to the loss 
of volume during desulfuration). Ragged iron grains (Fig. 2b) occur in several of 
the basalts studied and may be remnants of the total desulfuration process. It 
appears that the desulfuration process is confined to local domains as troilite 
grains occur within 20-30 µ,m from those of ragged iron grains (presumably 
resulting from total desulfuration). 

Small amounts of iron metal are present within Fe-Ti-oxides (Fig. 2c) in most 
of the basalts studied. This Fe0 may result from reduction of the oxides by (1) 
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reduced oxygen fugacity imposed by an external buffer, (2) an isochemical 
reduction, or (3) a chemical equilibration. An isochemical reduction has been 
proposed by Haselton and Nash (1975), El Goresy and Ramdohr (1975), and 
Reid et al. (1970) and involves the formation of metallic iron from reactions of the 
type below: 

Fe2+ + 2Ti3+ = Fe0 + 2Ti4+. 

A strong correlation between metallic iron and TiO2 content may be suggestive of 
this reaction. Such a correlation exists for the Apollo 17 basalts (Fig. 3). However, 
this correlation can be more adequately explained by the low-pressure fractiona-
tion history of the basalts, as discussed in a later section. We also attempted to 
determine the isolated Ti3+ content of eight of the basalts that we studied (70275, 
71035, 71135, 71175, 71569, 74255, 78506, and 79155) using EPR techniques, but 
were unable to obtain any conclusive evidence concerning the Ti3+ content of the 
basalts. However, the amount of metallic iron possibly derived from such an 
isochemical reduction process is small and would have little or no effect on the 
inverse correlation of metallic iron and sulfur. 

The second most abundant form of iron and troilite (Fig. 2d) in the Apollo 17 
basalts, besides the composite grains, is as single phase spherical grains. Iron 
grains crystallized directly from a silicate melt will generally assume a spherical 
shape (Misra and Taylor, 1975). These are abundant in some of the basalts studied. 
Basalt 74275 has metal inclusions in olivine phenocrysts. It has been shown by 
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Fig. 3. Metallic iron and titanium dioxide relationships for the Apollo 17 basalts. The 
chemical groups are from Rhodes et al. (1976). 
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Usselman and Lofgren (1976) that this metal may be a liquidus phase. The amount 
of metallic iron or troilite crystallized from the rock melt can effect the observed 
correlation between metallic iron and sulfur by biasing one or both of the 
components. 

Obviously, there appears to be no one mechanism responsible for the 
occurrence of metallic iron in the Apollo 17 high-titanium basalts. Desulfuration 
of the sulfur bearing phases to produce metallic iron may occur, but it is definitely 
not the only process responsible for the presence of metallic iron. 

E. Relationship of sulfur and metallic iron to low pressure fractionation 
From correlations of Mg/(Mg + Fe) with Ba/Rb and Mg/(Mg + Fe) with Ti02, 

Rhodes et al. (1976) grouped the Apollo 17 high-titanium basalts into three distinct 
chemical groups. Each group represents a distinct magma series, modified by 
low-pressure fractionation, where the liquid line of descent is related to varying 
amounts of olivine, armalcolite, and spinel. Since sulfur is not a constituent of the 
major fractionating phases, it would be expected to increase in abundance with 
increasing fractionation. The tendency for an increase in concentration of sulfur 
with low-pressure fractionation is shown in Fig. 4. The most sulfur-rich samples, 
those from Camelot Crater (75015, 75035, and 75055) are also the most fraction-
ated basalts found in the Apollo 17 suite. 

The modal olivine content of the basalts (Brown et al., 1975) is a function of 
both the degree of fractionation and the cooling rate of the basalt. A comparison 
of the modal olivine and the sulfur content (Fig. 5) shows that the cooling rate 
(essentially the difference in modal olivine between Brown et al.' s (1975) group IA 
and IB, which are an "isochemical" fractionated series), has very little effect on 
the sulfur content. 

The abundance of metallic iron is also correlatable to the low pressure 
fractionation sequence of the Apollo 17 basalts as proposed by Rhodes et al. 
(1976). Metallic iron decreases during fractionation from the more primitive to the 
most evolved basalts (Fig. 6). Implicit in this trend is a progressive increase in the 
oxygen fugacity with fractionation. Again, by the comparison of the metallic iron 
abundance with the modal olivine content, the proportion of metallic iron shows 
no strong correlation with cooling rate of the basalts (Fig. 7). 

NATURE OF THE SOURCE REGIONS 

It has been proposed (Gibson, 1975; Gibson et al., 1975; Brett, 1975, 1976) that 
the Apollo 17 basalts were derived from magmas which were saturated with 
respect to sulfur. It also follows that the similarities between the bulk chemical 
compositions, and in particular sulfur abundances, for the Apollo 17 and 11 
basalts suggest that the source "regions" for these two basalt groups were similar 
in composition. The melts were saturated with respect to sulfur and sulfides at the 
time of their eruption (Brett, 1975, 1976; Gibson, 1975). The work of Haughton et 
al. (1974) and Naldrett (1969) on the Fe-S-0 system allows one to compare lunar 
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20 

basalts with terrestrial basalts of similar chemistries. In Fig. 8 a comparison 
between total sulfur and amount of total iron in the sample is given. The sulfur 
saturation line is from the work of Haughton et al. (1974). When making 
comparisons and conclusions using the data of Haughton et al., one must be fully 
aware that differences do exist between the experimental work and the lunar 
compositions and conditions of eruption (i.e., T, fo2 , /s2 , XFeo, Xnai, etc.). It can be 
seen from Fig. 8 that for the most part the Apollo 17 basalts are saturated with 
respect to their sulfur content. Mathez (1976) has noted that glasses from 35 fresh 
submarine basalts are also saturated with respect to their sulfur content. It is 
believed (Moore and Fabbi, 1971; Cripe, 1973; Gibson and Moore, 1974) that for 
terrestrial submarine basalts, the sulfur is not easily lost from the melts because of 
the confining pressure at the time of extrusion of the basalt. Thus, the sulfur 
contents in the glass rinds of the submarine basalts represent the best available 
approximations of sulfur abundances of the magma from which the basalts were 
formed. 

Close examination of Fig. 9 for the Apollo 17 basalts and their relationship to 
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1501 

the sulfur saturation curve of Haughton et al. (1974) reveals that for the most part 
those basalts which are fine-grained lie above the sulfur saturation curve. As 
Rhodes et al. (1976) have pointed out, the fine-grained basalts have cooled quickly 
and should closely approximate magma compositions and delineate liquid-lines of 
descent. The coarse-grained basalts are scattered throughout the plot of total 
sulfur and total iron in the basalt. The coarse-grained basalts from Camelot crater 
(e.g., 75015, 75035 and 75055) are the most differentiated basalts (Rhodes et al., 
1976) and lie the furthest from the sulfur line. During the fractionation of the 
basalt melt the incompatible element sulfur is primarily enriched mostly in the latest 
phases to solidify, namely sulfides such as troilite. Additional scatter within the 
group of coarse-grained basalts may represent the loss of sulfur during desulfura-
tion and outgassing. Thus, those coarse-grained basalts may have been subjected to 
outgassing or reduction processes (formation of metallic iron) prior to their final 
solidification. Consequently the fact that several of the coarse-grained basalts are 
undersaturated with respect to sulfur is not an unexpected result. 

From Sato et al.'s (1973) original observation that sulfur loss may occur during 
mare basalt formation by the reaction: FeS = Fe0 + ½S2, the minimum sulfur 
content of the source magma can be calculated (Gibson et al., 1975) if one assumes 
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that all of the metallic iron present in mare basalts results from loss of sulfur. 
However, as we have seen from data presented in Figs. 3, 4, and 6, the 
desulfuration process is not the only process resulting in the formation of metallic 
iron. The loss of sulfur from decomposition of troilite may only be one of the 
processes for sulfur loss and that the loss of sulfur may occur from a silicate or 
sulfide melt prior to crystallization. Of course, the redox stoichiometry will still 
result in the same relationship between sulfur loss and iron reduction as would be 
obtained by decomposition of troilite. The calculation of minimum sulfur 
abundances for the source region of the basalts provides useful information for 
modeling. If sulfur loss has occurred, it can account for the formation of some of 
the metallic iron. Thus, the loss of 100 ppm sulfur from desulfuration of FeS 
would result in the formation of 175 ppm metallic iron. The calculated minimum 
sulfur abundances for the 32 Apollo 17 basalt's source magmas is 2590 µ,g Sig and 
ranges from 2060 to 3110 µ,g S/g (Fig. 10). No systematic differences were noted 
between the chemical groups of Rhodes et al. (1976) and the textural relationships 
of the basalts. We find it quite remarkable that the calculated sulfur abundances 
for the Apollo 17 source magmas are so similar for three distinct chemical groups 
(Rhodes et al., 1976). The sharp histogram (Fig. 10) found for the calculated sulfur 
contents of the source magmas of the mare basalts at the Taurus-Littrow site is 
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Fig. 10. Histogram of the calculated minimum sulfur concentrations for the source 
regions of the Apollo 17 basalts. The chemical groups are from Rhodes et al. (1976). 
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similar (2590 vs. 2540 µ,g S/g) to those reported previously for the Apollo 11 
basalts (Gibson, 1975). 

The sulfur abundance data for the Apollo 12 and 15 basalts are quite meager 
and extensive calculations of the above type have not been made for those 
basalts. However, it can be seen from Fig. 8 that the Apollo 12 olivine basalts, 
pigeonite basalts and ilmenite basalts along with the Apollo 15 quartz normative 
basalts and olivine normative basalts are lower in sulfur than those from Apollo 17 
and submarine basalts. 

The relationship between sulfur and Ti02 as seen in Fig. 11 for the lunar 
basalts shows that the high-titanium basalts from Apollo 17 and 11 are enriched in 
sulfur and titanium as compared to those from Apollo 12 and 15. Basalts from 
Apollo 12 and 15 do not contain more than 900 µ,g S/g and 5% Ti02. Both the 
cumulate remelting (Walker et al., 1975) and the assimilation models (Hubbard 
and Minear, 1975; Kesson, 1975) for the origin of mare basalts argue that the 
titanium-rich "cumulates," which are associated with the genesis of the Apollo 17 
and 11 basalts, represent possibly the last 5-10% of liquid in the crystallization of 
the outer portion of the moon. Therefore, it stands to reason that the high-titanium 
basalts are rich in sulfur which is partitioned into the liquid during fractionation. 
The low-titanium basalts are thought to originate by partial melting of early 
cumulates (Grove et al., 1973) or that the early cumulates are dominantly involved 
in assimilatory processes (Kesson and Ringwood, 1976). These early cumulates 
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probably did not involve a sulfide-bearing phase and therefore yield sulfur 
undersaturated liquids. 

CONCLUSIONS 

The examination of the sulfur abundances and metallic iron contents of the 
Apollo 17 basalts in light of the petrography and rock chemistries has shown the 
following conclusions: 

1. Total sulfur abundances found in this study are similar to those reported 
previously for the Apollo 17 basalts. The previously identified inverse correlation 
between total sulfur and metallic iron for lunar basalts is not as well resolved as 
originally proposed. 

2. Sulfur abundances in the Apollo 17 basalts increase with the degree of 
fractionation which the basalt has undergone (Fig. 4) whereas metallic iron 
content decreases with fractionation (Fig. 6). 

3. The amounts of metallic iron and sulfur in the Apollo 17 basalts are 
apparently not dependent on the cooling rate of the basalt (Figs. 5 and 7). 

4. The source region from which the Apollo 17 mare basalts were derived is 
apparently saturated with sulfur whereas the Apollo 12 and 15 basalt source 
regions were undersaturated (Fig. 8) in agreement with Brett's (1975, 1976) 
conclusion. 

5. Metallic iron and troilite occur in a variety of textural forms. Metallic iron 
as both primary grains and as secondary reduction products occurs in all of the 
basalts studied. There is uncertainty as to whether the iron and troilite which 
occur as composite grains form as the result of crystallization of a liquid or from 
the desulfuration of sulfides. At the present time it is impossible to determine 
which of these two mechanisms is dominant in the formation of Fe-FeS 
composites. 
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