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ABSTRACT. Rapidly quenched glass rims of very young rift valley deep sca pillow
basalt have a pristine magma chemistry, but compositions of the interiors of the same
pillows are appreciably altered by both low and high temperature processes. Low
temperature exchange with seawater has added significant amounts of K to the largely
crystalline pillow interiors by seawater penetration into radial cooling cracks and dif-
fusion along crystal boundaries. However, the small amount of residual glass in the
interior is not K-rich enough to account for all the K increase; additional K is present
in secondary alteration pockets lining cracks and vesicles. Mg abundances are essen-
tially constant in whole rock analyses, but residual glasses show a Mg decrcase with
increasing crystallinity reflecting crystal fractionation. The Fe decrease in the pillow
interior probably represents a high-temperature deuteric or seawater reaction that re-
moves transition metals. Both Fe and Mn are locally redistributed in secondary metal
oxide-rich crack filling material.

INTRODUCTION

The physical process of pillow formation during submarine extrusion
and the ensuing thermal history of the cooling lavas should control the
chemical exchange between seawater and the pristine magma. The forma-
tion of pillow lavas has been described recently by Moore (1§75). In brief,
pillow lavas are formed when hasaltic lava is erupted subaqueously, flow-
ing within conduits of cooled and solidified lava to form elongate lobes.
These lobes extend themselves by rupture and spreading of the weak,
thin, quenched margins near lobe fronts. The thermal history of the
pillow is recorded by the progressive increase in degree of crystallization
and size of crystals from a completely glassy rim to a nearly holocrystalline
center of the pillow; these textures have been summarized by Bryan
(1972). A decrease in volume occurs because of the cooling of the solid
phases; sets of cracks develop and are thought to allow seawater to pene-
trate into the hotter interior. Reaction between seawater and the rock
occurs at elevated temperatures during the brief period of cooling
(Corliss, 1971; Humphris, 1975) and then continues for a long time at
low temperatures after cooling has ceased.

There are numerous studies of the low temperature chemical exchange
between seawater and basaltic lavas. Roger Hart’s (1970) investigation
concentrated upon the increase in hydration, oxidation, and alkalinity of
basalt during alteration with increasing age of the ocean crust. A similar
increase in U with increase in alteration has been found by Aumento
(1971) where alteration increased with age of the ocean crust. Miyashiro,
Shido, and Ewing (1969) showed that the degree of hydration is greater
on the pillow rim compared to the core of extensively altered pillows.
Matthews (1971) found both cores and rims to be extensively altered in
basalts from older portions of the Atlantic at Swallow Bank. Stanley
Hart (1969) showed that large increases of alkali ions (Cs, Rb, K) occur
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in altered rims compared to the interior. Melson (1978) noted chemical
alteration related to palagonitization of glasses in contrast to relatively
fresh interiors. These results generally led to the conclusion that low tem-
perature weathering (halmyrolysis) rather than high temperature altera-
tion was the alteration mechanism and that the rims were more highly
affected than cores. In these cases, the glassy rims showed visible signs
of alteration.

Other researchers have made the highly contrasting conclusion that
the pillow glassy rims are fresher than the pillow interiors. For example,
Poldervaart and Green (1965) found pillow interiors that were more
oxidized and more K-rich than fresh glass rims. In his dissertation, Paster
(ms) found a hydrated glass rim but more extensive alteration and
secondary mineralization along joints and fractures in the interior. Dy-
mond (1970) and Funkhouser, Fisher, and Bonatti (1968) found an excess
of “°Ar within the pillow glass, whereas the crystalline interior has lost
appreciable quantities of excess °Ar. Corliss (1971) noted that the interior
portions of pillows and flows are depleted in several elements relative to
fresh flow margins. Three zones in pillows are distinguished by Thomp-
son (1973), an altered layer of outermost glass (palagonitized), a fresh
layer of glass, and an altered interior. The outermost layer of palagonite
was found to contain the highest U content, the underlying fresh glass
and the gray crystalline pillow interior the lowest U content, and a
yellowish-brown crystalline zone between the fresh glass and the gray
interior an intermediate U content (Macdougall, 1973). Also, glass rims
have higher precious metal contents and higher S contents than do pillow
interiors (Keays and Scott, 1976; Scott and Frank, 1974). Although two
mechanisms are called for during alteration (mostly high temperature by
Paster (ms) and Corliss (1971) and low temperature alteration by Thomp-
son (1973)), there is general agreement that the most nearly pristine sam-
ple of the original magma chemistry is found in the rapidly quenched
glass rim that shows no evidence of palagonitization. Shido, Miyashiro,
and Ewing (1974) concluded that fresh pillows have a fresh glass exterior
and an altered interior, but highly weathered pillows have a highly altered
exterior and a less altered interior. Below depths of 2 km where the con-
fining pressure is sufficient to prevent vesiculation, the glass on fresh
pillow rims retains volatiles, but the crystalline interior loses significant
volatiles (Moore and Schilling, 1978). Thompson (1973) expresses the
prevalent philosophy: when magma extrudes in a deep subaqueous en-
vironment, the outer rim of pillows quench to form a glass that, initially,
acts as a closed chemical system; however, the more slowly clooed and
more crystalline pillow interiors are exposed to alteration. Several mech-
anisms may contribute to this alteration of pillow interiors. (1) Deuteric
alteration may occur toward the end of crystallization as the original
volatiles in the magma become concentrated in residual fluids; this
would be a very short-lived phenomenon. (2) Radiating cooling cracks
allow seawater to penetrate the still hot interior; the localized chloride-
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rich hydrothermal fluids would migrate along crystal boundaries, form
complexes with transition metals, and exchange with exterior seawater as
suggested by Corliss (1971); this too would be a short-lived phenomenon
related to lava cooling alone. (3) After cooling of the pillows, the radial
cooling cracks would continue to allow seawater to penetrate; then low
temperature alteration of the crystalline interior would be accompanied
by low temperature alteration of the glassy rim. However, this long-term
phenomenon does not equally affect the exterior and interior of pillows,
as pointed out by Thompson (1978). Hydration and palagonitization
alter the glass rims, whereas the crystalline interiors are altered to clay
minerals and zeolites. Because the rates of palagonitization are more
rapid that those operating on pillow interiors, after several millions of
years the glass entirely alters to a palagonite and parts of the interior re-
moved from radiating cooling fractures are still relatively fresh. Thus
young pillow basalts can be expected to have fresh glassy rims and
slightly altered interiors, whereas old pillow basalts have highly altered,
palagonitized rims and less altered interiors.

The types of alteration mechanisms discussed above certainly do not
include all forms ol alteration ol oceanic basalts. As fairly rapid extru-
sion progresses, the leading front of a pillow lava builds steep forset
beds (Moore, 1975); these quenched pillow-like lobes have fragments of
spalled glass accumulated in their interstices from up-slope pillow forma-
tion, and this complex is subsequently covered by new lava lobes trap-
ping seawater between {ragments and irregular lobe edges. Such trapped
seawater becomes heated and reacts with surrounding glass causing much
higher rates of palagonitization than that at ambient seawater tempera-
tures. A second common form of oceanic crustal alteration is hydrous
metamorphism or hydrothermal alteration superimposed upon rocks
where fracture systems allow deep circulation of seawater within the
newly formed hot lithosphere (Miyashiro, Shido, and Ewing, 1971; Mel-
son, Thompson, and van Andel, 1968; Tdmasson and Kristmannsdottir,
1972).

A summary of the reported chemical trends for both low tempera-
ture and high temperature alteration is presented in table 1; the net
effects on the basalt chemistry are given te compare high and low tem-
perature trends. A summary of consistent changes in low temperature en-
vironments includes a net addition of K, Rb, Cs, Fe+3, H,0, U, B, and
Li, and a net loss of Ca, Mg, and Si from the basalt exteriors or interiors
depending upon the degree and duration of alteration. High tempera-
ture alteration shows a loss of metals from pillow interiors, principally
Mn, Fe, Co, Au, Ag, S, Ca, K, and Si and an addition of H,O and Mg
to pillow interiors. These trends are closely paralleled by experimental
hydrothermal alteration where Mg, Na, and H,O are added to the rock
but Ca, K, Fe, Mn, Si, and some transition metals are lost. These phe-
nomena may be superimposed, and distinction between them can be diffi-
cut. The clearest contrast between low temperature alteration and high
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temperature deuteric or hydrothermal alteration is shown by Mg and K
exchange trends.

Several questions remain: Can the high temperature alteration by
deuteric and hydrothermal fluids be distinguished? Deuteric alteration
by volatiles indigeneous to the magma should contrast significantly from
hydrothermal alteration by seawater. Do unambiguous criteria for dis-
tinction between deuteric and hydrothermal alteration exist? How do
the alteration trends of glasses interstitial to crystals differ from whole
rock alteration trends? Can the effects of crystal fractionation upon these
glasses be distinguished from the effects of alteration? Can high and low
temperature alteration be distinguished in the glasses? Are the secondary
fillings in cracks or veinlets a result of a closed system redistribution of
the internal composition during high or low temperature alteration? Or
are these veinlets the results of an open system influx of seawater during
or after cooling? Are all pillows affected by at least some high tempera-
ture alteration?

A detailed microprobe study of glass in young rift valley lavas has
been carried out to distinguish among the eitects of (1) low temperature
alteration, (2) high temperature alteration, and (3) crystal fractionation
and to attempt to answer other questions above. Glassy rims, glass inter-
stitial to quench crystals, phenocrysts, microphenocrysts, quench crystals,
and secondary filling in cracks in these pillows were analyzed. In model-
ing the alteration process, it will be assumed that the glass rims with no
visible alteration and no quench crystals represent the chemistry of the
original magma feeding the lavas.

The basalts selected for study were dredged from the rift valley walls
of the Mid-Atlantic Ridge between 25 and 30°N during the Trans-
Atlantic Geotraverse project conducted by the National Oceanic and At-
mospheric Administration in 1971 and 1972. From spreading velocities
based upon magnetic anomalies (McGregor and Rona, 1975), a maxi-
mum age of 0.4 m.y. is indicated for these pillows. Because the rocks were
dredged from depths greater than 2.5 km, volatile escape should not be
a factor that affected glassy margins.

METHOD OF STUDY

Distributions of K, Fe, Mn, and Mg were chosen to characterize the
nature of chemical variations in these glasses, and these elements were
determined by electron-beam microanalyzer (microprobe). The methods
of microprobe analysis are similar to those discussed in Scott (1971) and
the same instrument at Kline Geology Laboratory, Yale University was
used. A 15 KV potential, a low sample beam current of 5 nano-amps,
and a 10 micron diameter electron beam did not create vaporization pits
in basaltic glass, and no loss of K was recorded with time. The elements
that were chosen for analysis identily either the nature or degree of alter-
ation mechanisms. Because of the initial low K content of tholeiitic mid-
ocean ridge basalts and the relatively high K content of seawater, K
should serve as a sensitive indicator of alteration. Mg should also be a
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TABLE 1

Low temperature alteration (halmyrolysis)

Net addition

Net loss

Study to basalt from basalt Interpretation
R. Hart (1970) K Si Submarine weathering
Fe Ca increases with age.
Ti Mg
P Na
Mn (slight)
Aumento (1971) U Submarine weathering
increases with age.
Miyashiro, Shido, Mn Si More altered rim
and Ewing (1969) Ti Fe than core.
Fe Mg
Fe Ca
P
H.O
K (in pillows)
Philpotts, Schnetzler, K Low temperature
and Hart (1969) alteration, little effect
on rare-earth elements.
Scott and Frank (1974) S Rim has original high S
content, interior altered.
Hart and Nalwalk (1970) H.O Ca Either deuteric or low
Fe®® Si temperature.
S. Hart (1969) K Altered rims, fresh
Rb interior.
Cs
Melson (1973) K Ca Palagonitized glass more
Fe Mg altered than rims.
Ti r
Na
Mn
Thompson (1973) H.O0 Ca Generally the degree of
K Mg alteration of the outer
B Si glass is greater than the
Li Co interior; fresh glass
Fe® occurs in young pillows
Rb just beneath the altered
Sr glass.
VY
Zr
Ph
I)
Shido, Miyashiro, K Fe Fresh pillows have
and Ewing (1974) Fet® Mg altered interior and
fresh glass rim.
Fe Ca Weathered pillows have
Fe*® glass rims that are
Ti highly altered relative
P to less altered interiors.
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TABLE 1 (continued)

Net addition Net loss
Study to basalt from basalt Interpretation

High temperature alteration
(including deuteric and hydrothermal alteration)

Keays and Scott (1976) Au Fresh glass exterior of
Ag young pillows, but
S deuteric alteration
Si of interior; K added
Mn to interior by low
Fe temperature alteration.

Superimposed hydrothermal or hydrous metamorphic alteration (natural)

Miyashiro, Shido, H.O Ca
and Ewing (1971)
Toémasson and Mg Ca Hot seawater reaction
Kristmannsdottir (1972) K with basalts.
Si
R. Hart (1973) K Si Both metamorphism
Mg Ca and low temperature
Na Fe formation of smectites;
Mn K added by low
temperature alteration.
Humphris (1975) Mg Si Fe**jFe* and Na
H,0 Ca behavior differ with
different types of
metamorphism.

Experimental hydrothermal alteration

Hajash (1975) Mg Ca Experiments at 200° to
Na K 500°C, 500-800 bars,
H.O Fe natural seawater and
Mn oceanic basalt. Two
Si week duration of
Cu experiments.
Mottl, Corr, and Mg Ca Experiments under
Holland (1974) Na K nearly same conditions
H.O Fe as Hajash (1975) but
Mn several months duration.
Bischoff and Mg Si Experiments at 200°C,
Dickson (1975) Ca 500 bars, and 4752 hrs.
Fe
Mn

Cu
Ni
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sensitive test of crystal fractionation. Fe and Mn were pickeq, because
they play important roles in the formation of metalliferous sediments on
ridge crests (Dymond and others, 1973) and because llydlpthf:rmal Mn
deposits are found on the rift wall of the Mid-Atlantic Ridge at 26°N
(M. Scott and others, 1974; R. Scott and others, 1974) with abnormally
abundant weak-acid-soluble Fe and Mn particulate matter suspended
in the overlying water column (Betzer and others, 1974). Whole rocks
were also analyzed to compare net chemical variations with glass varia-
tions within pillows; these analyses were done by a Model 306 Perkin-
Elmer atomic absorption spectrophotometer. A spectrophotometric moly-
bdate blue method was used for silicon determinations. Water analyses
on whole rock samples were determined by weight additions to mag-
nesium perchlorate from vapors produced by heating rocks to 1000°C.
The Texas A&M University TRIGA reactor was used for rare-earth
element analyses of glass rims by instrumental neutron activation anal-
ysis following methods described by Corliss (ms) and Gordon and others
(1968).

RESULTS

Although the extensive evidence outlined in the introduction indi-
cates that young pillow basalts can have quenched glass rims that act
temporarily as closed chemical systems, the pristine chemical character
of the rims of pillows used in this study must be established before com-
parisons with altered portions of pillows can be used to determine the
degree and nature of alteration. Large lithophile ions behave in a
similar manner in processes of melting within the mantle; they are par-
titioned strongly toward the melt phase (Hubbard, and Gast, 1970). Thus
a comparison of two large ion variations that have drastically different
behaviors during alteration should be a good measure of the presence
or absence of alteration. One of the most sensitive indicators of alteration
that can be readily measured is the K content, and some of the least
mobile ions during initial alteration are the rare-earth elements. The
La/Sm ratio covaries with K,O wt percent in glass rims with no visible
alteration (fig. 1). Because the relative abundance of larger rare earth
elements increases with K, it is concluded that both the La/Sm ratio
and K variations are related to original magma chemistries (Scott and
others, 1973). Only highly altered rock registers significant changes in
La/Sm ratios (Thompson, 1973).

Chemical Zonation in Pillows

This study concentrates upon a comparison of the chemical varia-
tions within the pillow interior with the fresh glass rim; the outermost
and most altered zone of Thompson (1973), the palagonitized glass, is
very thin or essentially absent in many of these young pillows (Hekinian
and Hoffert, 1975). One palagonite was investigated by microprobe, and
the chemical variation between the botryoidal Liesegang-like zonations
within the palagonite were so extreme that detailed explanations were
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Fig. 1. Plot of La/Sm ratios versus K,O wt percent in fresh glass margins. Bars
indicate one standard deviation. Other chemical data for these pillows are listed in
table $ from T38-72D254-16-15 through T38-72D249-7A4. This covariance suggests that
abundances of the large ions K and La are related to original magma chemistries and
that the K abundances in the fresh glass margins have not been appreciably affected
by reaction with scawater.

difficult (unpub. data). The altered interior zone recognized by Thomp-
son was studied in detail.

In one phenocryst-poor pillow (10C19), seven zones were recognized
by visual criteria and were separated for whole rock analysis. Four in-
terior zones, distinguished by microscopic textural or coloration differ-
ences, were analyzed by microprobe. From the rim to the interior, visible
zones include (1) a fresh glass rim, (2) a transition zone between fresh glass
to a variolitic zone containing patches of feathery, cross-hatched, skeletal
olivines, (8) a gray variolitic zone where variolites coalesce, (4) a yellowish
variolitic zone, (5) a largely microcrystalline gray zone without variolitic
textures, (6) a distinct dark gray band aligned parallel to the pillow ex-
terior and to radial cracks within the pillow, and (7) the seemingly un-
affected, crack-free interior portions (fig. 2). The interior of phenocryst-
poor pillows consists of texturally homogenous skeletal intergrowths of
“lantern-shaped” olivine, “belt-buckle-shaped” chains of plagioclase, plu-
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Fig. 2. Typical zones and cracks in a pillow. The pillow diameters are typically
0.5 to 1 m. The thickness of the peripheral zones are exaggerated for clarity; in most
cases, they are only a few centimeters thick.

mose intergrowths of plagioclase and pyroxene, and skeletal magnetite
with only a little interstitial isotropic glassy material. Zones 1 through 5
concentrically ring the pillow margin and are obviously texturally related
to progressive crystal growth during cooling of the pillow. Small con-
centric cracks commonly separate these zones into thin layers; other
cracks radiate from the pillow interior (fig. 2). The gray non-variolitic
zone extends along these radial cracks into the pillow interior. The
dark gray zone forms a Liesegang-like inner sheath within uncracked
pillow interiors; this concentric arrangement of zones suggests a diffusion
origin for zones 5 and 6 and probably postdates cooling and crystalliza-
tion.

Phenocryst-rich pillows, such as 10C4 of table 2 are less distinctively
zoned, although the quenched textures are similar to those described for
phenocryst-poor pillows. These phenocryst-rich pillows have abundant
cracks that extend from phenocryst to phenocryst and make a three-
dimensional network of cracks rather than a simple pattern of radiating
cracks as sketched in figure 2. Therefore, this study concentrated upon
the phenocryst-poor examples (10C19 in table 2 and all the pillows listed
in table 3).

Whole rock analyses of zones—The most conspicuous changes in
chemistry are K variations from low values at the fresh margin to very
high values in the dark gray band and intermediate values in the interior
portion that has no obvious visible signs of alteration (fig. 3, tables 2
and 3). The degree of K enrichment in the interior ranges between 1.3
to 2.8 and averages 1.7 times the content in the glass margin, and the
degree of K enrichment in the dark gray band varies between 1.5 to 4.5
and averages 2.7 times the content in the margin. Although this is signifi-
cantly higher than the enrichment in the interior, the volume of the dark
gray band is calculated to be less than 3 percent of the volume of the
interior. Although Fe generally varies less than a factor of 1.1, in con-
trast to the factor of 3 to 4.5 variation of K, the Fe variations are signifi-
cant; an average of 0.5 wt percent FeO decrease occurs in the interiors
with five of the eight pillows showing a decrease between 0.4 and 1.2,
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two showing no significant change, and one showing a 0.3 wt percent
increase. The trend in Mn is not as distinct: of eight pillows analyzed,
five show decreases and three show increases in the interior relative to
glassy margins ranging between —0.021 and +0.005, averaging —0.007
wt percent MnO, a net decrease of Mn. Because the MnO analyses have
a precision of +0.005 wt percent, this apparent decrease cannot be taken
as significant.

Microprobe analyses of glass in zones.—Two pillows, 10C19 and
10C4, were studied by microprobe to identify small scale variations of
K, Fe, Mn, and Mg in interstitial glass and in secondary crack filling
material. Chips and polished thin sections from most of the zones listed
in table 2 were used in this microprobe study.

Figure 4 summarizes the wt percent variations in MgO, FeO, and
K,O in glass from zones of pillow 10C19. The principal departures from

TABLE 3
MnO

Sample number FeO wt 9, K.O Description of zone
T3-72D254-16-3A 9.2 0.168 0.106 fresh glass at margin

16-38 8.7 0.164 0.160 interior

16-3C 9.4 0.156 0.269 dark gray diffusion band
T3-72D254-16-5A 9.0 0.160 0.099 fresh glass at margin

16-5B 8.4 0.156 0.184 interior

16-5C 8.7 0.142 0.219 dark gray diffusion band
T3-72D254-16-6A 8.9 0.162 0.106 fresh glass at margin

16-6B 8.7 0.164 0.182 interior
T3-72D254-16-7A 9.0 0.161 0.096 fresh glass at margin

16-78 9.3 0.164 0.138 interior
T3-72D254-16-8A 9.6 0.165 0.102 fresh glass at margin

16-8B 8.4 0.156 0.136 interior

16-8C 9.3 0.159 0.289 dark gray diffusion band
T13-72D254-16-11B 9.0 0.161 0.110 fresh glass at margin

16-11B 9.0 0.166 0.181 interior
1'3-72D254-16-15 9.6 0.175 0.122 fresh glass at margin

Dredge position and location: 26°30.1'N, 44°34.6'W, depth 3468 m, east wall of median
valley, six pillows at dredge site 16 listed.

13-72D254-17-26 7.7 0.151 0.061 fresh glass at margin
Pillow position and location: 26°44.5'N, 44°37.2'W, depth 3486 m, west wall of median
valley.

T38-72D251-12-74 9.0 0.175 0.101 fresh glass at margin
Pillow position and location: 25°45.9'N, 45°9.8'W, depth 4304 m, west wall of median
valley.

T3-72D253-13-7 9.0 0.182 0.138 fresh glass at margin
Pillow position and location: 26°8.0’'N, 44°45.0'W, depth 2994 m, cast wall of median
valley.

T3-72D251-10-24 9.5 0.179 0.083 fresh glass at margin
Pillow position and location: 25°40.5'N, 45°4.6'W, depth 4327m, east wall of median
valley.

T3-72D249-7A4 9.7 0.185 0.107 fresh glass at margin
Pillow position and location: 25°18.2'N, 45°18.4’W, depth 3618 m, cast wall of median
valley.

Use table 1 explanation.
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the glass rim are (1) an order of magnitude decrease in MgO content in
the interior, (2) two orders of magnitude increase in K,O in the dark
gray band and a factor of 4 increase in the interior, (3) a factor of 3
increase in FeO in the dark gray band and a factor of 1.4 increase in the
interior, and (4) no significant MnO change. In pillow 10C4 similar but
less dramatic changes in glass composition are found (fig. 5).

Sets of polished thin sections through pillow 10C19 were analyzed
(fig. 6) in considerably greater detail and show very similar trends that
include: (1) a MgO decrease by a factor of 2.5 at intermediate zones and
1.7 in the interior, (2) a K,O increase by a factor of 5 in the interior,
(3) an FeO decrease by a factor of 1.4 at intermediate zones and increase
by 1.2 in the interior, and (4) a MnO decrease by a factor of 2 only in
the intermediate zones.

Crack filling material—Most cracks studied in polished sections did
not contain secondary filling material and showed no visible evidence of
alteration along the walls except for local oxidation of iron in residual
glass; even skeletal and phenocryst olivine appear to be unaltered. Several
cracks in pillow 10C19, containing secondary alteration products in cracks
between probe positions 10 and 13 in figure 6, show yellowish-brown,
reddish-brown, dark brown, and almost opaque black amorphous patches
along cracks. These patches are unusually rich in Fe, Mn, and K; in
general, brown correlates with higher Fe content and black with higher
Mn content; the K abundance seems to be independent of color or Fe
and Mn abundances. Table 4 summarizes the chemistry of the largely
isotopic, crack-filling material. The MnO and FeO contents exceed 50
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Fig. 3. Whole rock K,O wt percent of fresh glass margins, the dark gray band,
and the interiors of pillows. The numbers refer to the dredge sites and specimen
numbers of samples in tables 2 and 3. Dashed lines are used for pillows where no
diffusion bands were analyzed.
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wt percent, and K,O values reach 8.5 wt percent. The range in composi-
tion along any one crack may cover the extremes listed in table 3.

DISCUSSION

The validity of this study is based upon the explicit assumption that
the glass margin has effectively acted as a closed system to K, Mn, Fe,
and Mg. Evidence summarized in figure 1 and accompanying text sup-
port this assumption for these pillows, and other researchers find no ex-
ceptions for young deepsea pillows that have glassy rims with no visible
signs of alteration (table 1).

Because the chemical exchange between seawater and rock, is a
function of the degree of penetration of seawater into the pillow interior
and the thermal state of the pillow during penetration, the physical
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Fig. 4. Microprobe analyses of glass chips from zones in pillow 10C19. The hori-
zontal axis indicates the relative position in the pillow and is not drawn to scale; the
vertical axis has different scales for MgO, FeO, and K,O wt percent. Solid line =
K0, dashed line = MgO, dash-dot line = FeO. MnO variations are insignificant and
are not shown. Distances of analyzed positions from the margin are listed and given
in table 2 except for the “interior below band” position (9 cm below the margin) and
“pillow center” position (50 cm below the margin). All four elements were measured
simultaneously.
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events during cooling of the pillows should be reviewed. The process
of cooling from an extrusion temperature of about 1200°C to ambient
seafloor temperatures of 2°C can be subdivided into four categories of
density increases: (1) as the molten phase quenches to a glass and cools
from 1200° to 1100°C, (2) during cooling of the glass from 1100° to 2°C,
(3) during crystallization of olivine, plagioclase, and pyroxene at about
1100°C, and (4) during cooling of crystalline phases from about 1100°
to 2°C. These density changes are calculated from thermal expansion
data (Skinner, 1966) and density data (Daly, Manger, and Clark, 1966)
to be (1) 1.2 percent, (2) 2.7 percent, (3) 5.5 percent, and (4) 2.7 percent.
This means that the outer glass rim undergoes a total density increase
or volume decrease of about 3.9 percent, but the nearly crystalline in-
terior undergoes about a 9.4 percent decrease. However, these volume
decreases must be considered sequentially to follow the development of
cooling cracks. Initial quenching of the glass rim about a molten interior
creates sets of radially aligned cracks that migrate inward with retreating
isotherms as the exterior skin volume decreases. Thus, seawater has an
avenue of penetration to the cooling molten front. However, when the
more slowly cooling interior begins to crystallize, the volume of the solid
phases decreases considerably, and the rigid skin of the pillow retains the
pre-crystallization volume of the entire pillow. One response to this con-
dition is the formation of concentric cracks at the boundary between
glass and crystalline interior. Another related feature is the occurrence
of irregular voids in the pillow interiors. Seawater or possibly deuteric
fluids probably occupy these voids.
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Fig. 5. Microprobe analyses of glass chips from zones of pillow 10C4 described in
table 2. The horizontal axis indicates relative position in the pillow, and the vertical
axis has different scales for MgO, FeO, and K,O wt percent. MnO variations are
insignificant and are not shown. Solid line = K,O, dashed line = MgO, dash-dot
line = FeO. All four elements were measured simultaneously.
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tion of a relatively fine-grained skeletal crystal zone about 6 cm from the pillow margin
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Crystal fractionation will produce changes in the composition of
residual glass that should increase with increasing crystallinity of the
pillow interior. This effect may be modified and superimposed by (1)
high temperature exchange of seawater with the cooling pillow, (2) re-
action between the aqueous [luids concentrated and segregated during
crystal fractionation and the cooling glasses and crystalline phases (that
is, deuteric alteration) and (3) low temperature exchange of seawater
with the cool pillow.

K variations—A distinct net addition of K from seawater to the in-
terior of the pillows is required by the data shown in figure 2. Experi-
ments at high temperatures (Hajash, 1975; Mottl, Corr, and Holland,
1974; Bischoff and Dickson, 1975) and natural alteration reactions at
high temperatures (Témasson and Kristmannsdttir, 1972) indicate that
K is removed from the solid phases to seawater. On the other hand
natural alteration (Thompson, 1973) and experiments at low tempera-
tures (Scott, Burkett, and Leaird, 1970) indicate that K is added to solid
phase. Therefore, the relatively slow exchange of K at low temperature
must be the dominate process in the pillow selected for this study. It is
possible that the temperature dependence of the direction of alkali ex-
change between seawater and basaltic glass may be similar to K exchange
between alkali feldspars and alkali-bearing solutions (Orville, 1963) in
which K-rich solid phases are favored at low temperatures and a rela-
tively K-rich aqueous phase is favored at higher temperatures. The in-
crease of K in the interior does not indicate an absence of high tempera-
ture reactions; it simply means that the net effect of low temperature
reactions was larger. Apparently, the glass margin is bypassed by flow
of seawater along radial cracks to the largely crystalline interior where
relatively rapid penetration occurs along crystal boundaries. Diffusion

TaAnLE 4

Position FeO MnO K.O Description

11#in 10C19 A 27.6 11.8 3.56 brown amorphous patch

Il in 10C19 A 17.1 1.03 0.28 pale brown discolored

regions along same fracturc

11 in10C19 A 53.4 0.26 0.01 rich brown alteration patch

12 in 10C19 A 30.7 8.05 2.97 brown amorphous patch

12 in 10C19 A 33.0 0.26 3.53 yellowish brown patch
along same fracture

12 in 10C19 A 24.1 18.8 2.93 dark brown patch along
same fracture

12 in 10C19 A 1.17 53.8 1.14 black opaque patch along
same fracture

12 in 10C19 A 1.31 55.4 0.29 another black opaque patch
along same fracture

13 in 10C19 B 17.9 0.37 0.00 dark rim around a vesicle

* Approximate microprobe position number shown in figure 6.
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of large ions through glass is much slower (Moore, 1966; Hekinian and
Hoffert, 1975), and, therefore, alteration of the glass lags behind the in-
terior during initial alteration.

In whole rock samples from the interior of 10C19 the K values are
2.8 times the glass rim values, but microprobe values of the residual
glass in the interior are 5 times glass rim values (figs. 4, 5, and 6); in
other words, the interior glass is 1.8 times more K-rich than the interior
whole rock. Since conservative estimates of the degree of crystallization
in the interior leave less than 10 percent residual glass, the glass should
be far richer in K than observed if all the excess K resides in interstitial
glass. In fact, if the whole rock value for K were the same as the rim
(with no secondary K influx and only fractional crystallization concentra-
tion of the K in the remaining glass) the interior glass should have at
least 0.44 wt percent K,O rather than the 0.25 percent K,O observed.
(This calculation includes the measured 0.013 percent K,O that exists
in the 45 volume percent plagioclase present.) To take into account the
addition of K necessary to have a whole rock value of 0.142 percent K,O
in the pillow 10C19 interior, with a minimum of 90 percent crystalliza-
tion, the K,O content of the interior glass should be about 1.36 percent
K,O. Thus, the dilemma is not the abundance of K but the low values
in the glass. Where then does the excess K reside? The possibility of
some late-stage K bearing phase crystallizing from deuteric fluids is con-
sidered unlikely, because extensive scanning by microprobe failed to re-
veal its existence. Also, no evidence was found to suggest that K was con-
centrated along grain boundaries. Probably, this K occurs in the amor-
phous material locally filling cracks and -coating vesicle walls formed
during low temperature alteration. As shown in table 4 some of this
material contains 3.5 wt percent K,O. Nearly 8 percent of the interior
would have to consist of altered regions, fracture fillings, and vesicle
linings to account for this amount of K. There may well be this much
secondary alteration material present, but a quantitative measure of such
dispersed material would take a study far more extensive than this one.
The dark gray bands have the highest Fe, K, and H,O in the whole rock
(fig. 3) and the highest Fe and K values in the glass (fig. 4). Because the
dark gray bands have a Liesegang-like concentrically banded geometry to
both radial and peripheral cracks, their origin probably is the same as
Liesegang rings, that is, a diffusion origin. The fact that ions as similar
as K+ and H,O+ (?) migrate together is not surprising, but the correla-
tion with Fe is more puzzling. The answer may lie in the observation of
abundant fine-grained opaque material (iron oxides?) in the dark gray
band. The presence of the dark gray band, of apparent diffusion origin,
creates an additional problem. The K values in the interior zone, deeper
within the pillow than the dark gray band, are higher in K than the
glassy margin, as discussed above. Then how does the K diffusion that
permeates the pillow interior differ from the K, Fe, and H,O diffusion
that only penetrates to the dark gray band? Probably two mechanisms of
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diffusion are necessary to explain the K abundances, because the dark
gray band represents a sharp discontinuity in K distribution. A simple
diffusion gradient based upon the proximity of seawater along the cracks
can explain the K and water-rich dark gray band, but the uniform 4-fold
increase of K in the interior must have occurred at a greater rate without
significant penetration by water. Detailed knowledge of the ionic species
and complexes involved in crystal boundary diffusion should provide an
answer. Knowledge of the controls of K variations should also be of value
in interpretation of *°Ar dating (Seidemann, 1973).

Mg variations.—Because there is no significant trend in the whole
rock MgO values from the margin to the interior (table 2), the pro-
nounced decrease in MgO content of residual glasses in the interior is
interpreted as a fractional crystallization trend. Although some loss of
Mg in the interior glass may be related to a low temperature loss (table
1), it is highly improbable that relatively fresh appearing glasses have
lost 50 percent of their Mg by such exchanges. In a qualitative measure,
the reduction of MgO can be correlated with increasing crystallinity sup-
porting the conclusion that crystal fractionation is the primary cause
of this trend.

Fe and Mn variations—The variations of Fe and Mn within these
pillows are more difficult to explain than K variations. Although whole
rock evidence (tables 2 and 8) makes a good case for a net loss of Fe
from pillow interiors, the microprobe data shown in figures 4, 5, and 6
suggest that the FeO values in residual glass in the interior are about
2 wt percent higher than in the margin glass. A partial explanation for
this increase probably is simple crystal fractionation creating Fe enrich-
ment in residual glass. It is also possible that some low temperature
addition of Fe is involved, as demonstrated for the dark gray band. In
contrast, no consistent and significant additions or losses of Mn were de-
tected in the interior by whole rock analysis or in the pillow center by
microprobe studies. From microprobe studies of pillow 10C19, there is a
definite decrease in both Fe and Mn in residual glass in the intermediate
zones between analyzed positions 8 and 14 shown in figure 6. Cracks occur
within zones that are locally filled with amorphous Fe- and Mn-rich
material. Calculations suggest that this loss of iron can be accounted for
quite reasonably by local solution and reprecipitation within these cracks
without a net loss of Fe or Mn from the pillow. The amount of Mn lost
from these zones, assuming a perfect spherical shape to the 50 cm radius
pillow 10C19 is about 20 g. Only 0.018 wt percent of the zone between
analyzed positions 10 and 18 would have to consist of amorphous man-
ganese-rich patch-filling fractures (50 wt percent MnO, table 4) to account
for all Mn lost from these zones.

Pillow 10C19 also shows a loss of about 625 g of Fe from the
glass between analyzed positions 8 and 14. In this case about 0.35 wt
percent of the rock between these positions must consist of Fe-rich patches
(50 wt percent FeO, table 4) to account for Fe redistribution without a
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net loss of Fe from the pillow. If these secondary enrichment patches are
scattered within the entire pillow, only 0.11 wt percent of the pillow
would have to consist of secondary patches. Again, the net loss of an
average of 4.5 percent of the Fe in whole rock pillow interiors is sup-
ported by whole rock analyses reported here.

Thus, two Fe trends have to be explained: a net whole rock decrease
toward the center but a local increase in the residual glass in the center.
Presumably, the net loss of iron observed in the pillows can be attributed
to the superimposition of smaller effects of some additive process and
larger effects of some subtractive process. The small additive process may
be the redistribution of Fe during crystal fractionation enriching resi-
dual glass or a net addition of iron by low temperature influx of sea-
water-carried Fe (Miyashiro, Shido, and LEwing, 1969; R. Hart, 1970;
Moore, 1966). This second possibility is considered unlikely, because the
rocks that have gained Fe by low temperature alteration are generally
more extensively altered than the rocks studied here. The large subtrac-
tive process probably occurred at elevated temperatures during initial
cooling of pillows. During the initial cooling stage, gradients of decreas-
ing oxygen fugacity and increasing temperature gradients probably exist
toward the pillow center. Because oxidation-reduction boundary curves
have positive oxygen fugacity versus temperature slopes, the solution of
Fet2 is favored at high temperatures, and net Fe loss from the interior
may occur by loss of Fe-rich fluids by a mechanism similar to that sug-
gested by Corliss (1971).

CONCLUSIONS

From the study of these pillow lavas, we conclude that significant
alteration occurs within young petrographically “fresh” pillows which are
dredged from rift valley walls only a few kilometers from the median
valley axis. The glass rim near the pillow margin is confirmed to be a
pristine unaltered, chemically closed, reference system. K diffusion into
pillow interiors during low temperature alteration (or submarine weather-
ing) has caused a net increase in the K values to nearly twice those of
the unaffected margin. Penetration of this K occurred by diffusion along
radial cracks into the more crystalline interior where crystal boundaries
were probably used for diffusion paths. Enrichment of residual glass
cannot account for all the K added; appreciable K must exist in secondary
crack filling pockets. Although there is an average net loss of Fe from
the pillow interiors, the residual glasses have somewhat higher Fe con-
tents than do the glass margins; the net loss is attributed to high tempera-
ture reactions during cooling and crystallization. The higher residual
glass values may reflect Fe-enrichment by crystal fractionation. Some Fe
and Mn, originally in residual glass [rom intermediate zones within the
pillows, appear to have been redistributed as secondary fracture filling
patches. The decrease of Mg values in glass from the interior but con-
stant Mg values throughout the whole rock pillow suggest that crystal
fractionation was the principal cause of Mg variations in glass in these
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pillows. No unambiguous criteria to distinguish between deuteric and
high temperature hydrothermal alterations were found. The ambiguities
and uncertainties that still remain, particularly in regard to the Fe and
Mn make us appreciate Mark Twain’s comment, “The researches of many
commentators have already thrown much darkness on this subject, and it
is probable that, if they continue, we shall soon know nothing at all
about it.”
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