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by seawater penetration.

Only a small fraction of the Fe and Si mobilized during quench

reactions is removed from crustal rocks to be precipitated as metal

enriched basal sediments. The excess Fe and Si that is leached from

the rock but not added to basal sediments are incorporated into Fe-

rich smectites as the hydrothermal sclutions mix with normal seawater.

The earliest formed minerals are ferrosaponites. This phase precipi-

tates at temperatures of up to 200°C, producing slightly acidic, re-

ducing solutions and removing Fe, Mg, Si and some K from solution.

The formation of the saponite keeps the pH low, which enhances metal

solubility, and reduces the Fe/Mn ratio by the preferential removal

of Fe. Alteration of glassy basalts under these conditions produces

enrichments in Fe, Mg, Ti and K and losses in Ca and Si. As the

hydrothermally-induced circulation declines, the saponites become

progressively K-rich and ferrous Fe-poor. When the Mg supply is ex-

hausted by formation of the saponites, alkaline oxidizing conditions

prevail and calcite and celadonite form in available pore spaces.

Bulk rock compositions show enrichments in ferric Fe, K and Ca associ-

ated with these mineral formations.

Exposure of crustal rocks to cold oxygenated seawater by tectonic

uplift or fracturing results in extreme oxidation of earlier formed

phases, and causes the replacement of Mg-rich clays by celadonite or

Fe-oxides. With time these highly oxidizing conditions also produce

more Al-rich secondary minerals as primary plagioclase begins to al-

ter. Crustal rocks affected by this extreme oxidation become depleted



in Mg and enriched in K, the extent of which indicates the duration of

exposure.

The presence of greenschist facies metamorphosed pillow basalts

in fracture zones on the Mid-Atlantic Ridge indicates alteration of

these shallow glassy rocks under conditions of higher temperatures

(200-350°C) and lower water-rock ratios than is apparent in altered

glassy rocks from either the East Pacific Rise or deep drilling sites.

This assemblage reflects a rock-dominated hydrothermal system perhaps

associated with circulation in the deep fracture zones. The saponite-

rich assemblages characteristic of the East Pacific Rise are products

of a seawater dominated hydrothermal system that apparently enhances

transport of Fe and Mn from the crustal rocks into overlying sediments.
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ABSTRACT

Mineralogical and isotopic variations observed in hydrothermally al-

tered rocks from the East Pacific Rise and the Hid-Atlantic Ridge suggest

that consistent differences exist between the hydrothermal recinies in these

two areas. Oxygen isotopic compositions of the secondary minerals, chlor-

ite, quartz, actinolite, calcite, and epidote indicate temperatures that

vary from 200CC to 350°C for greenstones from the MAR, as well as local

effective water/rock ratios of less than 10:1. Higher water/rock ratios

(>50:1) and temperatures of alteration less than 200°C characterize EPR

rocks that are primarily altered to Fe- and Mg-rich clay minerals (sap-

onite, chlorite and talc) and calcite. Highly altered pillow basalts

from the EPR contain Fe-rich saponite that formed at 130°C to 170°C.

These temperatures are the highest ever reported for srnectite in altered

oceanic rocks. Low-grade metamorphic minerals such as actinolite,

chlorite, talc, albite and apatite found in coarsely crystalline EPR

gabbros suggest short-lived high temperature reactions. The

ratios of calcite from both suites of rocks indicate a magmatic source

of carbon for MAR greenstones in contrast to a mixture of niagniatic and

seawater carbon for EPR rock. The relationship of mineralogy and alter-

ation temperatures clearly suggests that the fast-spreading EPR is a

seawater-dominated system while the slow spreading MAR is a rock-dom-

inated system.
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MINERALOGY AND STABLE ISOTOPE GEOCHEMISTRY

OF SUBMARINE HYDROTHERMAL SYSTEMS

INTRODUCTION

During the past few years much effort has been directed toward un-

derstanding the chemistry and mineralogy of seawater hydrothermal sys-

tems associated with mid-ocean ridges. This effort has focused primar-

ily on studies of metamorphic rocks from the Mid-Atlantic Ridge (1,2),

metal-enriched sediments from the equatorial East Pacific Rise, (3),

arid hydrothermal solutions from the Galapagos Spreading Center (4).

Experimental investigations of seawater-basalt interactions have support-

ed these studies, suggesting conditions necessary to generate such soi-

utions (5, 6, 7, 8). Interpretation of experimental results and the

application of these to the natural systems has been constrained by a

lack of information of the temperatures of alteration, the variations

in the flux of water and alteration mineralogy in natural submarine

environment. Integrating the mineralogy and isotopic characteristics

of such seawater hydrothermal systems can provide many of these answers.

Greenstones recovered from the Mid-Atlantic Ridge may represent

alteration to albite, chlorite, epidote, calcite and actinolite at temp-

eratures of 200-300°C (9). These rocks are characterized by a lowering

of l8o from values of 6.O to values as low as 2.8, Alteration temper-

atures approaching 350°C have been suggested for rocks of similar min-

eralogy from the Troodos Massif, a proposed exposed analog of oceanic

crust, (lO). Alteration temperatures of rocks (and associated second-

ary minerals) in the Reykjanes Geothermal area have been well docu-

mented up to 280°C (11) but are not directly analogous to submarine

systems because of boiling and mixing of groundwater and seawater to
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produce compositional changes different from those of submarine hot-

springs. Measured temperatures of hydrothermal solutions exiting from

submarine hotsprings at the Galapagos Spreading Center are much lower

with a maximum of 17°C. Preliminary data on quartz thermometry and Mg

depletion on Galapagos samples suggest temperatures of alteration near

300°C (4).

The presence of metal-enriched basal sediments associated with

the equatorial East Pacific Rise or all rise crests may be the result

of extensive hydrothermal reaction beneath the rise crest and subsequent

precipitation from the hydrothermal solutions (12, 3). The specific

reactions which generate such solutions and their imprint on altered

oceanic crust are not well established. Experimental studies of seawater-

basalt interactions suggest that Fe-enriched solutions can only be pro-

duced at temperatures above 300°C or under high water/rock ratios (6, 13,

5, 7). The predominant alteration phase formed in these experiments is

an Fe-rich saponite clay mineral which is similar to the nontronite

found in nietalliferous sediments and contrasts with the chlorite-albite-

quartz-epidote assemblages found in the MAR greenstones. Although

actinolite, talc, albite and quartz are formed experimentally, the

chlorite and epidote characteristic of greenstone mineralogy are notably

absent. Greenstones, similar to those from the MAR also may not be

a widespread component of the oceanic crust as they have not been re-

covered from either the EPR or from deep crustal drilling sites. The
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absence of smectite in the greenstones and the apparent limited occur-

rence of these highly altered metabasalts suggests certain iriconsisten-

des in identifying these reactions as the source of apparently ubiqui-

tous metal-enriched hydrothermal solutions. Saponites, chemically and

structurally similar to those produced by experimental studies, common-

ly occur as filled veins and vesicles in oceanic rocks (14, 15, 16, 17),

however, previous studies suggest the maximum oxygen isotopic tempera-

tures for these minerals is 20-30°C (18). Consequently these clay miner-

als have been previously suggested as products of weathering or diagen-

etic processes. Alternatively these low-temperature smectite vein min-

erals could have precipitated from hydrothermal solutions which were

generated at higher temperatures elsewhere in the crust.

A diversity of reactions associated with the rise crest hydro-

thermal systems is suggested by these mineral associations. Either the

metalliferous sediments along the EPR are generated by metamorphic re-

actions ( 300°C) which produce heretofore unsarnpied greenstones at

depth, or there is a consistent difference in the conditions of altera-

tion between the MAR and the EPR. These cuestions have been examined in

this study by comparing altered rocks from both the MAR and the EPR as

products of seawater hydrothermal systems. The variation of
18

and

5D values in these rocks have been measured in order to provide infor-

mation on alteration temperatures, water/rock ratios and source of alter-

ation fluids.



SAMPLING AND ANAL YSIS

Representative samples were selected from: (1) one large ( >300

samples) dredge haul recovered from a fracture zone at 32 l/2°S on the

eastern flank of the EPR (Y73-52), and (2) two transponder navigated

dredge hauls recovered from 36 l/2°N on the MAR, which is Fracture Zone

B of the FAMOUS area (Kn 42-146, AII-52; see Figure 1). Identification

of primary and alteration minerals (Table 1) was accomplished by a com-

bination of petrograpliic, x-ray diffraction and microprobe techniques.

Mineral phases for isotopic analysis were separated by magnetic and

heavy liquid separations, as well as by hand-picking. In addition,

quartz was separated from four samples by fusion with sodium pyrosulfate

followed by treatment with hydrofluorosilicic acid (19). Details of

clay mineral identification and x-ray techniques are discussed in (20).

Oxygen was extracted from all silicate samples by reaction with

BrF5 (21), converted to CO2 in a graphite furnace and analyzed with an

isotope ratio mass spectrometer. Samples containing smectite clay min-

erals were dried 3-4 hours at 150°C then placed directly into reaction

vessels to prevent adsorption of and exchange with atmospheric water.

Tests showed that heated sampes could be exposed to the atmosphere at

room temperature for 5 minutes .iith no detectable change in co2

gas was liberated from the carbonate samples by reaction with phosphoric

acid (22). Water was extracted from hydrous mineral phases by induction

heating under vacuum to 1400°C, and also from fluid inclusions in eu-

hedral quartz crystals by crushing in an evacuated stainless-steel tube.

The released water was converted to hydrogen gas for deuterium analysis
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by reaction with hot uranium (23).

SAMPLE MINER.ALOGY AND PETROGRAPHY

Mid-Atlantic Ridge: All the altered rocks analyzed from the MAR

were originally basalts with plagioclase and clinopyroxene phenocrysts

in a glassy matrix. In the "greenstones," (GS numbers, Table 1), this

glassy matrix has been completely replaced by a fine intergrowth of

quartz and chlorite with quartz also replacing the phenocrysts. Segre-

gated quartz-epidote veins up to 2 cm width cut through this matrix.

Large euhedral quartz crystals fill the interior of one such vein. The

"greenstone breccias' (GSa) retain more of the original basalt texture.

They contain albitized and chioritized plagioclase, whose calic cores

are in some cases replaced by epidote or, less commonly, calcite. The

glassy matrix in the breccias is replaced by either epidote-quartz or

calcite-quartzFe-oxide. Small veins and large vesicles in these rocks

are filled with pale-green chlorite. Late stage calcite veins cut

through the centers of the chlorite-filled veins and vesicles. Plagia-

clase appears to alter more rapidly than the glassy matrix in these

rocks, as albitization precedes all other evidence of alteration. The

primary calcic pyroxene usually appears relatively unaltered but may be

replaced by calcite and chlorite. This chlorit-aibite-epidote-quartz

assemblage is indicative of greenschist fades metamorphism for the

MAR samples. The principal reactions seem to be: l) loss of Ca from

the plagioclase during albitization and 2) formation of a Ca-rich phase:

either calcite or epidote, and 3) precipitation of Mg-rich chlorite



and quartz.

Fresh analogs of the MAR samples were also analyzed, including

whole rock and plagioclase separates from a fresh glassy pillow basalt

(FPB) and two holocrystalline diabases (DB). The diabases are subophitic

intergrowths of calcic plagioclase and clinopyroxene with olivine

phenocrysts that are partially replaced by green saponite. Except for

the olivine alteration, these diabases appear fresh.

Two of the serpentinites analyzed from Fracture zone B consist of

veins of either chrysotile (SP 2393) or chrysotile and lizardite (SP

2394) with a matrix of antigorite, lizardite and lesser chrysotile. A

third serpentinite" (SP 2398) is actually a breccia composed of tremo-

lite and talc, but chemically and isotopically is quite similar to the

other serpentinites.

East Pacific Rise: In contrast to the MAR samples, the EPR rocks

are altered primarily to Fe-Mg rich clay minerals rather than greenschist

facies minerals (see Table 1). The EPR samples include holocrystalline

diabase and gabbro in addition to initially glassy pillow basalts, all

dredged from a single scarp. The holocrystalline samples include meta-

gabbro (MGB) and altered diabase or rnicrogabbro (DB or GB) all of which

contain saponite as an important alteration phase. The alteration in

the metagabbro is characterized by coarse clumps of interstitial Fe

and Mg-rich clay minerals which include saponite, chlorite, Fe-rich

talc, and vermiculite. Laths of actinolite extend from these clay

intergrowths. In contrast to the MAR rocks, plagioclase shows only

slight evidence of alteration to laths of apatite or narrow albitized



rims. Calcic pyroxene is more extensively altered to actinolite or to

saponite, Fe-oxide and calcite. Late-formed olivine is also almost com-

pletely replaced by saponite or talc. The clay minerals in the meta-

gabbro are abundant and characterized by a high degree of crystallinity

and the presence of chlorite as one of the clay species.

The diabases are less extensively altered and contain actinolite

and no vermiculite. Plagioclase remains quite fresh in these samples

except for traces of apatite (M. Bass, personal communication). Saponite,

saponite-chiorite interlayers, talc and celadonite replace olivine and

clinopyroxene in samples GB 1511 and GB 1508. The least altered sample

(DB 2366) contains only minor amounts of talc and finely crystalline

saponite. The diabases are also strongly oxidized as Fe-oxide appears

to discolor all the intergranuiar boundaries and calcite is quite abun-

dant. The abundance of Fe and Mg-rich smectite, talc, actinolite and

albite in these halocrystalline rocks is quite similar to secondary min-

eral associations observed in the experimental studies of basal t-

seawater interactions (6,7).

The altered pillow basalts (SPB) show broad bluish-green zones

where the once vitreous outer margin has been completely replaced by

saponite and Fe-oxide. Thick veins of coarsely crystalline saponite,

Fe-oxide and calcite penetrate this area and also extend into the less

altered interior. The glass in this interior region is largely devitri-

fled to a finely crystalline saponite and stained red by the precipita-

tion of Fe-oxide. Plagioclase phenocrysts in the glassy rocks are com-

pletely fresh, showing no evidence of albitizatiori.

Mineralogy and Water/Rock Ratios: The important aspects of the
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sample mineralogy are summarized in Table 1. The MAR samples differ

from the EPR samples in three important ways: a) the only clay mineral

found in the MAR greenstones is chlorite in contrast to the variety of

clays identified in the EPR samples, b) albitization of plagioclase is

predominant in MAR samples, even when alteration is slight, whereas it

is generally absent in the EPR samples, except with the most extensive

alteration, c) pyroxene phenocrysts, relatively unaltered in the MAR

samples, are generally replaced by smectite and calcite in the EPR rocks.

These variations in mineralogy may also be viewed as representative

of a rock-dominated system (MAR) versus a seawater-dominated system (EPR)

(6, 8). Under conditions of low water/rock ratios all of the Mg is re-

moved from seawater by the formation of clay minerals which then allows

other silicates such as quartz, albite and epidote to form. Higher sea-

water-rock ratios provide excess Mg so that only smectite (or other Mg-

rich phases) form. The greenschist fades mineralogies of the MAR rocks

thus suggest very low seawater-rock ratios, while the abundant clay min-

erals of the EPR rocks represent the high seawater-rock conditions.

The differences between the MAR system and the EPR system are

seen also in gross differences in pCO2 as reflected in the mineralogy.

The abundant epidote and lack of calcite in the MAR greenstones suggests

a low pCO2 during alteration (24); similar conditions existed initially

for the greenstone breccias producing epidote cores in albite pseudo-

rriorphs and stabilizing the pyroxene phenocrysts (25, 26) but late-

formed calcite veins are evidence of increased pCO2 conditions. Where

epidote appears as a replacement of the matrix it is largely altered to
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calcite and Fe-oxide. Loss of CO2 from the glass as it alters may thus

be indicated. Abundant calcite, fresh plagioclase and altered pyroxene

suggest uniformly high pCO2 conditions for the EPR system.

RESULTS OF ISOTOPIC ALYSIS

Isotopic compositions are given in the customary notation where:

-
Rstd

J

/leo\ /o'\ /'3c\and R
x

Thus an increase in represents a relative enrichment in the heavier

isotope. The standards used are SMOW (180 and D) and PDB ('3C). The

per mu fractionation factor bet'ieen minerals A and B is given by:

A-6 = lO3lnAB
A

R

where cA 0 = iT

The values increase with decreasing temperature and approach zero at

high temperatures. If the equilibrium 18o relations among the minerals

are known from laboratory studies,
temperatures of formation can often be

determined from measured values of 8O. In addition, if the tempera-

ture can be estimated, the S18Q values of the water in which the mineral

formed can be calculated from the l8o value of the mineral. Suzuoki

and Epstein (28) showed that the temperature coefficients of D

(mineral-water) values are approximately the same for all -OH bearing

minerals, and consequently hydrogen isotope fractionations between

minerals are not useful for geothermometry. Variations in the D content
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nay suggest, however, differences in the temperature of formation or

of the isotopic composition of the fluid phase. The various factors

that affect the isotopic properties of minerals are given in O'Meil (27).

Oxygen, hydrogen, and carbon isotopic analyses of whole rocks

and mineral separates are given in Table 2. 6O and D values of

hydrous minerals and bulk serpentinites are plotted against each other

in Figure 2. The data define distinct fields for the MAR rocks, the EPR

altered pillows and serpentinites, suggesting that the conditions control-

ling the isotopic variations were unifonii but distinctly different in each

area. The MAR samples have generally lower values than the EPR samples,

which suggests uniformly higher temperatures for the MAR rocks than

for the EPR samples. The serpentinites and chicrites have the lowest

values of any of the mineral phases which is consistent with the

normal order of 180-enrichment found among coexisting metamorphic

minerals (29). In addition, the lower D values for the serpentinites

compared to chlorite in the greenstones may suggest a higher tempera-

ture of formation for the chlorite. Lower (the more negative) 5D

values mean that the deuterium fractionations between the mineral and

seawater are largest, implying lower temperatures. Because 0

concentrates in the water relative to minerals, formation of secondary

hydrous mineral phases should result in an increase in the D content of

the aqueous phase. However, small variations in the isotopic composition

of coexisting epidote and quartz grains from the MAR greenstones
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seem to contradict this expected trend. Several studies have shown

(e.g. , 30) that deuterium fractionations between epidote and water are

close to zero and that the D value of the epidote should closely reflect

that of the aqueous phase. The D values of epidote mineral separates

(Figure 2) are -13, -20, and -23 per nil, and thus do show the smallest

fractionation from seawater ( SD=0) compared to the other minerals. The

10 per nil increase observed between these SD values isaccompanied by an

increase in the l8o of both the epidote grains themselves and coexisting

quartz grains. The D and
i8

values of the epidote and 3180 values of

the coexisting quartz for the three veins are: a) -13, +2.8, +7.1; b)

-20, +3.8, +7.9; and c) -23, +6.8, +11.4. These values suggest that

the residual aqueous phase is becoming depleted rather than enriched in

0 and enriched in 18o during the tine of formation of these veins. The

values of
l8

(quartz-epidote) for the mineral pairs fall in the narrow

range of 4.1 - 4.6, showing that these veins formed at rather uniform

temperatures and that the observed isotopic variations do indeed reflect

isotopic shifts in the aqueous phase.

Isotopic variations between the MAR greenstones and similarly

altered rocks from ophiolite assemblages also suggest concomitant 0 deple-

tionS and 18ü enrichments. D values of epidote separates from the

San Luis Obispo ophiolite range from -23 to -53 per nil and associated

nietabasalts are enriched in l8o compared to the oceanic rocks (31).

Actinoljte samples from the same area, while net significantly enriched

are 20-30 per nil depleted in D relative to actinolite samples

from either this study or St. Pauls Rocks (32). If the ophiolite
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assemblage is presumed to be a more extensively altered analog of the

NIAR hydrothermal system, the isotopic fractionations during these alter-

ation processes appear to be associated with progressive increases in

and decreases in the D of the water.

The process generating the observed isotopic shifts becomes even

more problematical when the deuterium value of water entrapped in fluid

inclusions is considered. Fluid inclusions from large euhedral quartz

crystals from one o-f the previously discussed quartz-epidote veins, were

extracted and found to have a LSD value of -79. These quartz crystals also

have the largest value of sO (=11.4) and thus its formation water has

undergone the largest presumed isotopic shift. This result, plotted in Fig-

ure 2, is more negative than that of any of the analyzed phases. Since mine-

ral phases are depleted in deuterium compared to their associated fluid

phase, none of the alteration minerals could have precipitated from water

of this isotopic composition. In addition, their inclusion in late-formed

euhedral crystals and the large
18

isotopic enrichment suggests that

the D-depleted water is a residual aqueous phase. Similarly negative

D values have been attributed to magmatic or juvenile sources of water.

4
Water released from basalts with high values of The/ He, presumed to

be primordial water, has a D of -80 (33). Water that has equilibrated

with basalt at magmatic temperatures would be similarly depleted in D

(34). The very negative values may thus suggest extensive reaction or

exchange with deeper rocks at higher temperatures.

The fractionation that produced the 0-depleted water in the fluid

inclusions may be associated with the formation of a vapor phase.
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Determination of the freezing point depresssion of the inclusions in-

dicates that the salinity is only 5 °/ (3. Batchelder, personal corn-

inunication) compared to 35 °/ of seawater. The low salinity fluid

may be derived by the dehydration of deep-seated hydrous minerals assoc-

iated with tectonic movements in the fracture zone. Possible hydrous

phases include: a) either serpentine or smectite, formed at lower teinp-

eratures then dehydrated at elevated temperatures or, b) a primary

igneous phase such as phiogopite or kaersutite.

DISCUSSION

CHANGES IN THE OXYGEN ISOTOPIC COMPOSITION OF THE OCEANIC CRUST

Fresh mid-ocean basalts (MORB) have a small range in their oxygen

isotopic composition, (8O 5.8: 0.1; 35). Alteration by seawater

can either increase or decrease this value. The change in l8o in the

rocks is a function of: 1) the temperature of alteration, 2) the iso-

topic fractionation and modal abundance of the particular alteration

minerals, 3) the degree of alteration, and 4) the water-rock ratio.

Low temperature diagenesis and weathering processes may enrich crustal

rocks and significantly deplete seawater in
l8

Conversely, if high

temperature reactions between seawater and basalts produce rocks de-

pleted in
18

this will enrich the seawater reservoir. Muehlenbachs

and Clayton (35) have argued that these two processes are balanced,

and determine a steady state l8o value of the ocean. The relative

abundances of depleted and enriched rocks may be essential to estab-

lishing the oceanic 8o value. The oxygen isotopic compositions of



all the samples from this study are plotted in Figure 3 along with

whole rock values of AR greenstones computed from the mineral propor-

tions.

East Pacific Rise: The samples from the EPR have either normal or

higher l8o values. The l8o of saponite vein minerals separated from

the glassy EPR rocks range from +8.7 to +11.4 per nih. Calcite separa-

ted from these same veins has
l8

values of +13.4 to +20.9. Thus

alteration of the glassy rocks to these two phases accounts for the

observed enrichments in 18o The l8o values in the secondary phases

and the resulting enrichments in 18o in the rocks increase with de-

creasing temperatures of alteration. Whole rock isotopic values for

the altered diabases and the altered pillows vary from +6.0 to +10.0

per nil, consistent with the alteration of fresh basalt to smectite

minerals. The once-vitreous glassy margin of one pillow is almost 3

per mu enriched in l8o compared to the inner portion of the same

pillow (compare SPB 2382 and SPB 1380, WR 80). The margin is devitri-

fled and converted to about 80 percent saponite accounting for the large

isotopic shift.

The two rnetagabbro samples, (MGB 1383 and MGB 1511) have

values of 6.0 and 5.7, respectively. These "normal values of
l8

are surprising because these samples contain the low-grade metamorphic

minerals, chlorite, albite and actinolite, which should reflect higher

temperatures of alteration. Plagioclase, pyroxene and a mixture of

clay minerals were separated from MGB 1383 and analyzed to investigate

the distribution of between these phases. The results (Figure 3)
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demonstrate the control of mineralogy on the isotopic values. Plagio-

clase, (
8O +5.7) which comprises over 50 percent of the rock, is

relatively unaltered chemically or isotopically. In contrast, pyroxene,

( 18o = +6.4) is enriched in IBo as it is partially altered to srnectite,

chlorite and actinolite (bulk l8
= +10.8). Hydrothermal alteration

of the holocrystalline EPR rocks has thus resulted in slight enrichments

in 18o rather than depletions as observed by Muehlenbachs (36) in DSDP

gabbros. Muehlenbachs (36) has predicted a consistent depletion in 18o

resulting from exchange between seawater and plagioclase as it is re-

placed by aibite during greenschist metamorphism. Plagioclase separates

for the MAR diabases and the EPR metagabbro analyzed for this study do

not show such depletions but rather have 18 values identical to MORB

(see Table 2). The plagioclase in the holocrystalline samples appears

to alter more slowly than the pyroxene perhaps due to higher tempera-

tures of alteration at which calcic plagioclase is stable (37). Such

higher temperatures of alteration are consistent with the observed

replacement of the pyroxene in these rocks to Fe and Mg-rich niinerals.

Apparently the stability of calcic plagiociase at higher temperatures

and the relative abundance of smectite ( 9.0) compared to albite

results in a nornial value of
l8 for the EPR metagabbros.

Mid-Atlantic Ridge: Of the minerals observed in the MAR green-

stones, quartz and calcite are strongly enriched and epidote and

chlorite are depleted in 18o with respect to MORB. The matrix of GS

2405, composed Cf interyrown chlorite and quartz has a l8o value of

4.1. it appears that strongly altered rocks such as GS 2405, GS 2408
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and GS 2411, which have been completely altered to chlorite, quartz

and epidote, may be significantly depleted in 18o The relative abun-

dance of chlorite, which has the lightest isotopic composition of all

the minerals will determine the extent of depletion. However, we suggest

that epidote and quartz form only under conditions of limited seawater

Mg, (8) necessary for chlorite formation. Thus, the production of

greenstones with 8o values of less than '+5.O would not be expected

to be common because chlorite production will be limited by the availa-

bility of Mg due to low water/rock ratios (see range of calculated

whole rock values, Figure 3). The greenstone breccias, with rela-

tively large amounts of quartz and calcite rich in
18

result in whole

rock 18O values much higher than the greenstones.

In summary, the altered EPR rocks are all enriched in with

respect to MORB as a result of saponite formation. The alteration is

not due to a low temperature weathering because 1) the analyzed sapon-

ites have much lower values than previously reported samples of

iow temperature origin (17, 18, 36), indicating higher temperatures and,

2) even rocks which contain low-grade metamorphic minerals (chlorite

and actinolite) are enriched in
l8

The presumed high water/rock

ratios which have enhanced stnectite formation for these samples has

also resulted in uniform enrichment in 18o In contrast, the highly

altered greenstones from the MAR are generally depleted in
l8

relative

to fresh MORB. Their formation may not be widespread because low water/

rock ratios limit chlorite formation and also allow substantial enrich-

ments of lso in the rock due to the localized precipitation of quartz.
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However, the alteration of deeper ultraniafic rocks to serpentinites or

amphibolites may be significant in depleting the crust in
l8

The ser-

pentinites are all very low in 18o compared to the greenstones and do

not contain other phases which become enriched in the heavy isotope.

The few actinolite-rich rocks analyzed (this study and St. Pau1s Rocks;

28) also have 8o values -5.0.

TEMPERATURES OF ALTERATION

Temperatures of formation (Table 3A) were calculated from: 1)

mineral-water fractionations; 2) quartz-epidote and quartz-chlorite

fractionations; 3) filling temperature measurements of fluid inclusions

in quartz crystals; and, 4) comparison of observed mineral assemblages

with experimentally determined phase equilibria.

Most temperatures were calculated assuming seawater (
= 0)

was the aqueous phase in equilibrium with the secondary minerals. It

is clear however, that water circulating in a hydrothermal system may

evolve during water/rock interactions (especially under rock-dominated

conditions), so that the oxygen isotopic composition of the fluid phase

is not necessarily that of the initial seawater. The filling tempera-

ture of inclusions in the quartz crystals provides a temperature esti-

mate which is independent of the isotopic composition of the water.

Using this temperature and the quartz-water fractionation values (34)

indicates that these crystals farmed from water with l8o = +2.0. This

apparent enrichment over normal bottom water was probably associated

with the formation of the chlorite and epidote and suggests that the
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quartz (which precipitated after either of these two phases) formed from

water with
18>

By assuming 5180 value of +2.0 per mu, consistent 18o

temperatures are obtained from quartz-water (215°C) chlorite-water (230°C)

and quartz-chlorite (210°c) fractionations for GSB 2490. The greenstone

breccias that are only partly altered and have anomalously high 18o for

quartz probably reflect even greater isotopic shifts. The calculated tem-

peratures for these quartz values should thus be presumed minimum values.

This isotopic shift produces similar anomalously high temperatures (e.g.,

430°C, 675°C) calculated from the quartz-chlorite fractionation.

The isotopic enrichment in the aqueous phase is further indication

of the relatively low water/rock ratios for the MAR rocks. Calculation

of effective water/rock ratios (after Ohrnoto and Rye, 38) suggests that

a +2.0 per mu shift in the I8o value of the fluid phase requires local

values of water/rock (by volume) to be < 5. For water/rock ratios >10,

the observed isotopic shift would be 0.5 per mil. Thus alterations

of the EPR rocks, occurring under conditions of higher water/rock

ratios, would not change the isotopic composition of the circulating

water.

The niaxinium temperatures of alteration seem to be recorded in the

quartz-epidote veins in the greenstones. The fractionations between

coexisting quartz and epidote are very consistent for the three samples

18o quartz-epidote = 4.1, 4.2 and 4.6) suggesting uniform temperatures

of formation. Comparison with quartz-epidote mineral pairs in veins in

epithermal deposits (M.L. Silberman, personal communication) and skarn

deposits (30) would imply equilibrium temperatures as high as 400°C,
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but the quartz-water temperatures (330°C) and the inclusion honiogeniza-

tion temperature (275°C) suggest that the maximum temperature is probably

closer to 350°C. The Fe content of epidotes is a function of oxygen

fugacity (24) and such a chemical difference could produce the disparity

between the quartz-epidote pairs reported here and those in the mineral

deposit.

The greenstone breccias appear to have formed between 300°C and

200°C. The variation in 18o contents of the quartz separates from the

breccias reflect a range of temperatures, while the chlorite temperatures

are very uniform. This again suggests that the chlorite formed initially

from a more uniform reservoir and that the quartz-H20 temperatures are

minimums because of the possibility of isotopic shifts. Calcite veins

in the greenstone breccias formed at substantially lower temperatures

(140°C-170°C) than either the chlorite (230°C) or quartz.

Saponites from the altered EPR pillow basalts have the hig-iest

oxygen isotope temperatures (130°C - 170°C) ever reported for a smectite

vein mineral in oceanic rocks. Smectite formation observed in icelandic

geothermal areas have a comparable temperature range (11). This is

significant as it shows that higher temperature alteration of oceanic

basalts can indeed produce a sniectite mineral and that these minerals

can form over a range of temperatures from 30°C - 200°C (17, 18, 36).

The formation of smectite clay minerals accompanied by
l8

enrichments

in basalts has been used to indicate seawater weathering' reactions

at very low temperatures (39). The predominance of saponite in these

samples need not be indicative of low temperatures alone however, but
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rather of consistently higher water/rock ratios and mixing of hydra-

thermal fluid with normal seawater.

Although no isotopic temperatures could be obtained in the bob-

crystalline rocks from the EPR, the mineralogy of these samples suggests

that they have undergone the highest temperatures of alteration of all

the EPR suite. The metagabbro (MGB 1383) contains an Al-poor chlorite,

sniectite, talc and actinolite. During seawater-basalt experiments using

holocrystalline rocks, actinolite first appeared at 400°C and talc did

not appear until temperatures of 500°C were reached (6). Smectite was

formed at all temperatures, and chlorite never appeared. By analogy,

the maximum temperature of alteration for the metagabbro would seem to

be at least 300°C and possibly as high as 500°C. Liou et al. (37)

suggested that the assemblage--chlorite, actinolite and calcic-plagio-

clase is transitional at low pressures between the greenschist and

amphibolite facies suggesting temperatures near 500°C. Under these

conditions, calcic pyroxene is altered to actinolite while the calcic

plagioclase remains unaltered.

EVOLUTION OF HYDROTHERMAL FLUIDS

Variations in chemistry of the circulating fluids may be deduced

from the relationships of mineralogy and temperature. The numerous

calcite veins and abundant matrix calcite in the MAR greenstone breccias

compared to the greenstones suggests that the breccias formed under

conditions of higher pCO2. The crosscutting relationships of veins and

lower temperatures of formation far calcite indicate that the calcite
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veins formed last after the precipitation of the quartz and chlorite.

An increase in dissolved CO2 or the formation of chlorite or saponite,

both associated with the alteration of the glassy matrix, will act to

decrease the pH of the solution (8, 40) and this will prevent calcite

formation. The later formation of calcite must reflect a return to

alkaline conditions. Progressive vein fillings in the greenstone

breccias (chlorite precedes Fe-oxide precedes calcite) suggest that the

calcite formation also occurred during more oxidizing conditions. This

change in solution chemistry is probably associated with chemical alter-

ation of the glass or influx of normal seawater (20). The addition

of CO2 thus provides a source of HCO3 in solution for the subsequent

calcite formation. The solutions in the greenstone breccias apparently

changed from Mg-rich to Ca-rich as reflected in the sequence of mineral

formation: saponite formed first at temperatures that range from

130°C to 170°C while the calcite in the same veins has the lower iso-

topic temperatures of formation of 65°C - 85°C (41). Minerals separated

from vesicles from dredged basalts from the Peru-Chile Trench record a

similar change in solution chemistry from Fe and Mg-enrichment to Ca-

enrichment (.14). Oxygen isotopic analyses were performed on thesesamples

from the Peru-Chile Trench for comparison with the rise crest samples.

The temperatures of formation for the vesicle fillings are less than

37°C (PCT, see Table 3A), suggesting that chemical and mineralogical

changes are somewhat independent of temperature. The 'aging' of cir-

culating fluids and changes in p02 and pH exert much more control.

The preservation of unstable phases such as olivine and the abun-

dance of srnectite in the holocrystalline EPR rocks record a rapid



transition from the high initial temperatures of alteration and inter-

mixing of high and low temperature phases may be related to progressive

circulation in a seawater-dominated system. Declining temperatures

accompanied by increases in p02 and pCO2 are evidenced by early alter-

ation of pyroxene to actinolite followed by its later alteration to

Fe-oxide and calcite.

CARBON ISOTOPE COMPOSITIONS

The isotopic composition of the calcite vein minerals can be re-

13lated to changes in seawater-rock ratios. Figure 5 is a plot of C

versus l8o for calcite minerals associated with altered basaits in-

cludiny samples from this work and previously reported samples. May-

matic carbon as determined in fresh carbonatites (42), in diamonds (43)

and in CO2 inclusions in oceanic basalt (44) has a '3C value of -5 to

-8, whereas seawater bicarbonate has a 3C value of about +0.5 (45).

Calcite separated from the altered basalts indicates a similar

range of from values near -7.0 (MAR greenstones), intermediate

values near zero (EPR altered basalts, Table 2) to positive values of

+2.0 to +4,0 (DSDP vein minerals). These latter values are comparable

to normal marine authigenic calcite ( 3C = +2.0; 18). These varia-

tions are accompanied by a steady enrichment in 18o as the temperature

of formation of calcite decreases. The low temperatures (or >30)

result in small positive carbon isotopic fractionations between normal

seawater and calcite, and these fractionations would be even less

at higher temperatures (O 10). The '3C values of
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thecalcite vein minerals may thus closely approximate that of the

circulating fluids and reflect variations in the source of the carbon,

either seawater HCO or rnagmatic CO2. The MAR samples formed in a

rock-dominated system that resulted not only in higher temperatures

(and lower 6180 values) but carbon from a predominantly rnagmatic source.

Conversely the seawater-dominated calcites from the EPR system farmed

at lower temperatures (higher 6180 values) and have 63C values that

suggest mixing of carbon from magmatic and seawater reservoirs. Low

temperature vein calcites from DSOP samples formed at normal ocean

bottom temperatures from bicarbonate of seawater origin

ROCK-DOMINATED MAR VS THE SEAWATER-DOMINATED EPR

The suites of samples from the MAR and the EPR are characterized by

similar ranges of alteration temperatures but have very different miner-

alogies. Figure 4 is a summary of the temperature determinations for both

sets of samples. A steady decrease in alteration temperature is evident

through the sequence epidote-rich greenstones (MAR), calcite-rich green-

stones (MAR), and altered pillows (EPR). The nietagabbro (EPR) repre-

sents initially high temperatures which decrease before extensive alter-

ation occurs due to rapid mixing with cold seawater. The low water/rock

ratios of the MAR apparently result in higher temperatures and more

extensive alteration. The quartz-epidote rocks may represent a narrow

discharge region through which very hot fluids flow, percolating out-

ward to react with surrounding rocks to form the breccias at lower

temperatures. The presence of quartz and epidote suggest water/rock
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ratios less than 50:1, (6, 8). The 2 per mu isotopic shift observed

for the vein quartz indicates that effective water/rock ratios are less

than 5:1. Such low water/rock ratios thus result in the formation of

greater volumes of minerals such as quartz and calcite which tend to be

enriched in 18o compared to seawater. Residual fluids with higher l8o

than normal seawater may result from extensive formation of chlorite,

amphibole or serpentine.

Ophiolitic rocks of comparable mineralogy from San Luis Obispo

(31) and from E. Liguria, Pindos and Troodos (10) are thought to repre-

sent temperatures of alteration similar to the 1MAR greenstones 2OO°

350°C). However these rocks have consistently higher values of

than observed in the oceanic metabasalts. This would normally imply

that the ophiolitic rocks were either altered at lower temperatures than

the oceanic rocks, or that the ophiolites were altered by water higher

in 0 than present-day seawater. It has been suggested that the

oxygen isotopic composition of ancient oceans is identical to (35) or

lighter than (46) the present value. Since ophiolitic rocks are pre-

sunied to be exposed analogs of oceanic crust altered by normal

seawater (47), this discrepancy in oxygen isotopic compositions is

significant. A combination of a consistent difference in mineralogy

(e.g. , less chlorite) and lower effective water/rock ratios may pro-

duce positive isotopic shifts in circulating fluids. This may account

in part for the oxygen isotopic composition of the ophiolites at

temperatures of alteration equivalent to the MR rocks.

Higher water/rock ratios on the EPR result in abundant Mg-rich
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clays, higher pCO2 and generally lower temperatures of alteration due

to a more rapid circulation. High initial temperatures quickly decline

producing mixed clay assemblages and incomplete replacement of primary

minerals as observed in the gabbros. The generally higher pCO2 and

lower temperatures results in more rapid alteration of olivine and py-

roxene relative to the primary calcic-plagioclase, thus producing Al-

poor, Fe-rich clays in the pillow basalts. These Al-poor saponites or

nontroni-tes are characteristic of vein alteration minerals in altered

basalt (14, 15, 17), basal metal-enriched sediments (3) and hydro-

thermal sediments near the Galapagos spreading center (48).

CON CLUS ION

Greenstones and greenstone breccias from the Mid-Atlantic Ridge

are altered under conditions of low seawater-rock ratios ( <50:1) as

inferred from mineral associations and observed isotopic shifts, at

temperatures ranging from 200°C - 350°C. Formation of chlorite, epi-

dote and quartz at temperatures above 300°C produce greenstones which

are significantly depleted in 18o compared to MORB. Greenstone breccias

containing albite-chiorite-calcite and lesser epidote are relatively

enriched in 18o due to lower formation temperatures and more abundant

calcite and quartz. An increase in pCO2 accompanies the lower forma-

tion temperatures observed in the greenstone breccias, and values

of calcite indicate that the CO2 is primarily of magmatic origin, which

again indicates a low influx of seawater.



In contrast, rocks from the East Pacific Rise represent a seawater-

dominated system with seawater-rock ratios >50:1 as inferred from min-

eralogy (8). Fe-rich saponite, the dominant alteration phase, forms at

temperatures ranging from 30° - 200°C. Holocrystalline rocks may be

altered initially (to chlorite, talc, and actinolite) at temperatures of

at least 400°C, but continued flow of seawater and thus rapidly decreas-

ing temperatures result in mixtures of saponite with higher temperature

minerals. All of the rocks from the EPR are enriched in
l8

compared

to MORB due to the formation of saponite and generally lower alteration

temperatures. Higher water/rock ratios also result in values which

reflect a mixing of magrnatic and seawater reservoirs. High water/rock

ratios observed on the EPR thus produce lower temperatures of alteration

for glassy pillow basalts and higher values of pCO2. Both of these

factors contribute to the stability of primary calcic-plagioclase in

the altered basalt and thus the relative immobility of Al. The alter-

ation phases formed under such conditions are generally Al-poor and Fe-

Mg-rich, similar to the metal-enriched sediments associated with the

equatorial EPR. The seawater dominated hydrothermal system described

here for the EPR could thus be a source of the solutions from which

these sediments form.
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Table 1: Sample Minerj2

Greens tones MAR

GS 2405 pla9ioclase-.-quartz
82 241! glassy matrixquartz + chlorite

veins -. eidote + quartz
ia albite
no calcite

Greenstojie breccias MAR

828 85 plagioclasealbite chlorite + epidote
4- quartz

528 2404 pyroxene unaltered
523 2408 glassy rratrix-cnlorite + quartz 4- epidote

or calcite + Fe-oxide
858 2409 vesic1s: epidote - chlorite - quartz
GSB 2410 veins: quartz - chlarit - calcite
523 2412

Serpentinites MAR

SP 2393 veins: chrysotila
SF 2394 rmiatrix - arutigorite + lizardite + chrysotlie
SP 2398 tremolite # talc

Holocrystalline rocks MAR
OB 2403 olivirme - sapanite
03 2413 plagiaclase unaltered

Altered pillows EPR
GPS 1380 glassy matrix saponita + Fe-oxide
SPB 1505 veins: saponite Fe-oxide 4- calcite
SPB 2381 plagiaclase uaaitared
SPB 2382 pyroxene - saponite

Holocrystalline rocks SPR
MGB 1383 pyroxene-..actino!ite

calcite + saponite + Fe-oxide
MOB 1511 plagloclase apatite ( albite)
GB 1508 olivine talc or saponite
08 2366 talc, veniculite

chlorite, saporlite
calcite, Fe-oxide



1b1e 2: Stable isotope compositions of whole rocks and mineral separates from MAR arid EPR

Sanipla l8

whole rock cal spo qtz mineral
1111)-ATLAIITIC RIDGE

OS 2405 +4.1 f3.6 +7.1 V -------------- +2,8 ep, V -13 ep

+11.4 V -------------- +6.8 ep, V -23 ep

+7.8 M -31 chl
05 2411 +3.4 +7.9 V -------------- 1-3.8 ep. V -20 ep

+9,9 II
OSO 85

GSB 2404 +9.5 X +12.7 cal -3,8 cal
658 2408 +4.5

+ 6.4 ab
5513 2409 +3.7 +14.2 X +10.7 cal -4.1 cal
GSB 2410 +6.5 +3.1 +8.9 ab
GSI3 2412 +7.8 +13.2 x

fiB 2403 +5.0 +5.6 p1
03 2413

+5.8 p1
FPII 2620 +5.8 +5.8 p1
51' 2393 4-3.7

51' 2394 +3,9 -56 ch
51' 2390 +3.1 -47 ch
All 2526 +5.2 act -41 act
ON 131-6 +8.9 -58 spn

C.,)

'-TI



Table 2 contiueI.

Sample 18ü

whole rock

SPO 1380

SPII 105

Si'8 2381

SPF3 2382

MGB 1383

MGB 5111

CLI 1508

DLI 2366

+30.1

+ 6.9
+ 5.0

+ 5.7

+ 5.9

+ 6.3

6180 6180

cal spn qtz

EAST PACIFIC 1(ISE

+11.4

18.7

+9.8

a

nil rieral

+20.9 cal

18.4 cal

ó13C

-79 spn -0.9 cal

-67 spn +0.3 cal

-49 spfl

+5.7 p1

+6.4 cpx

10.7 act + chi 1 Spn

V = vein; N = matrix; X = extracted; Minerals: albite (ab); chlorite (clii); clinopyroxene (cpx)

calcite (cal); sapo,iite (spn); epidote (ep); plagioclase (p1); actiriolite (act).

'a
S



Table 3A: Temperatures of Alteration.

quartz-water (d)

GS 2405 matrix

vein

vein

GS 2411 matrix

vein

GSB 2404

SB 2409

GSB 242

quartz - chlorite (a) and (d)

GS 2405

GS 2411

GSB 2409

chlorite-H20 (a)

GS 2405

GS 2411

GSB 2409

GSB 85

GSB 2410

quartz-epidote

GS 2405 ( A =4.6)

a =4.2)

GS 2411 ( =4.1)

saponite-H70 (b)

SPB 1505

SPB 2381

SPB 2382

SPB 1380

'80H0 = 0

310°C

330°C

230°C

260° C

310°C

2 70° C

190°C

200°C

675°C

390° C

210°C

430° C

160°C

165°C

160° C

160°C

175°C

350°C

350°C

350° C

135° C

170° C

155°C

150°C

37

18o =+2
H2

310°C

31 5°C

215°C

230°C

230° C

235°C

2 30° C

2 30° C

245° C



Table 3A (continued)

18
0 0H20 = +2.0

MAR altered dunite 170°C

(UN 131-6)

PCT il-li nontronite (e) 35°C

PCT 11-11 celadonite (e) 35°C

Calcite-H20 (c)

GSB 2404 145°C

GSB 2409 170°C

SPB 1505 .65°C

SPB 2381 85°C

Quartz inclusions 275°C



Table 38: Equations used for temperature calculations.

(a) 1000 in a = 1.56 (106/T2) - 4.70
chi -H20

(b) 1000 in a
sm-H20 2.67 (1o6/T2) - 4.82

(c) 1000 in a
cal-H20 = 2.78 (106/T2) - 3.39

(d) 1000 in a 3.57 (106/2) - 2.73
qtz-H20

(e) 1000 in a = 2.43 (1a6/T2) - 4.82
iliite-H20

(a) Wenner and Taylor, 1971 (49)

(b,e) Yeh and Savin, 1977 (50)
(c) 0Nei1, a.o., 1969 (41)
(d) Taylor, 1974 (34)
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FIGURE CAPTIONS

Fig. 1. Area maps showing sample locations. A: East Pacific
Rise dredge haul (Y73-52), B: Mid-Atlantic Ridge dredge
hauls (Kn42-l46 and AII-77-52).

Fig. 2. 0/ 18o diagram showing compositions of all the samples
from the present study plus amphiboles from St. Pauls
Rocks (32), Troodos (51) and San Luis Obispo (31).

Fig. 3
18

values in analyzed samples. WR=whole rock; SM
sniectite; chl=chlorite; act=actinolite. Dashed lines
indicate coexisting minerals.

Fig. 4. Temperatures of alteration calculated or estimated by
indicated method. Dashed lines are estimated values.

13 18 . .

Fig. 5. s C/ 0 diagram for calcites from altered oceanic
rocks. Symbols and source of data are: [ , 10; o
39; ,l9].



(-)

LL

U

- i:26

(MOUS 4REA

- LC2. Z,
-. / t'p. AZORES a

;j

AMSEA
-

-
-

-

z.

I
1

350' 300'
I

' 20°

B



I SMOW

greensones

42

saportite
epidoe

. chlorite
o octinohte,this study

actinolite, St. Paul s Rocks+ octinolite, Troodos and SLO
chrysotilei talc- tremolite

0

ampiiboIes

o -304

C_2
MAR

0( -40

50 + saponte

serpentine

-70
fluid incIusons

801 ary
magmatic water

I -'
0 2 4 6 8 IC 12 14 6

(O/)



quartz
epdot e
chlortt e
feldspar.

actinoIte
WR, (coIcuated

tremote
lizardite - chrysotile

saponite
calcite

ERR
saporute
calcte

altered pillow, WR
metagabbro, WR

p1 a g icc las e

pyroxen e
sm- cht act

altered diabase, WR
0

43

8180 57

2 4 6 8 0 2 4 6 8 20

l8



MAR

44

EPR

metogGbbro mneratagy

scponie H20
altered pWow basats

calcite HO -
temperature ( 00



6

4

2-I
°PD8 (%0)

seowater
0

-2

45

2
DSDP

OU

ven minera's

E PR
altered pIlows marine authgenEc calcite

253035 S18O0 (%)

magmatic-4 +

I

AR



46

CHAPTER TWO

TEMPORAL VARIATIONS IN SECONDARY MINERALS

FROM NAZCA PLATE BASALTS

by

Debra S. Stakes and K.F. Scheidegger

School of Oceanography
Oregon State University
Corvallis, OR 97331



47

A8STRACT

The mineralogy and chemistry of secondary phases observed in al-

tered basalts from the Nazca Plate can be best understood in terms of

temporal variations in the alteration processes that accompany the ag-

ing of oceanic crust. The earliest formed phase in vein arid vesicie

fillings is Fe- and Mg-rich, Al-poor saponite; it is the most abundant

alteration mineral in younger rocks dredged from near the East Pacific

Rise. Such saponite formation increases Fe, Ng, Ti and K arid decreases

Ca and SI in the altered rock. Saponite formation is enhanced by reduc-

ing conditions, high water-rock ratios and Fe-enriched solutions, and

these conditions persist until veins become closed and the hydrother-

mally induced circulation becomes negligible. During this phase of al-

teration, constituents derived from hiqh temperature leaching of deeper

seated, holocrystalline diabasic and gabbroic rocks are redistributed,

both in secondary minerals found in overlying pillow basalts and into

seawater. Subsequently, during the waning of the hydrothermal system,

lower temperatures and slightly alkaline solutions are indicated by the

formation of calcite, ferric hydroxides and celadonite. The formation

of these phases is associated with the uptake of ferrous Fe, Ca and K.

In older, hydrothermally altered crust, tectonically re-exposed to sea-

water, intense oxidation can have dramatic effects as the earlier formed

saponites and ferrosaponites are destroyed and replaced by celadonite

or ferric hydroxides. The bulk compositions of rocks from the Peru-

Chile Trench show losses in Mg arid enrichments in ferric Fe and K that



can be related to this process. Thus, the nature of secondary minerals

found in altered crustal rocks provide insight into the changes in con-

ditions of alteration that accompany the aging and chemical modification

of oceanic crust.



Introduction

Alteration products in rocks recovered from the Nazca Plate include

abundant smectites and celadonite as well as calcite, palagonite, py-

rite and low-grade metamorphic minerals such as chlorite, apatite and

actinolite (Bass, 1976; Scheidegger and Stakes, 1977; Seyfried and

others, 1976; Scott and Swanson, 1976). Variations in the mineralogy

and chemistry of these secondary minerals are a reflection of changes

in pore water chemistry, Eh and pH, temperatures of alteration, rela-

tive stability of primary phases such as olivine and plagioclase, and

water-rock ratios. Such changes, associated with formation and aging

of oceanic crust, are recorded in the secondary alteration products of

crustal rocks.

Bass (1976) has classified a sequence of alteration processes and

their associated mineral assemblages found in DSDP Sites 319, 320 and

321 from the northern portion of the Nazca Plate as follows: a) late

magmatic deuteric alteration, b) seawater alteration (pre-burial), c)

nonoxidative diagenesis (postburial, limited oxidation), and d) oxida-

tive diagenesis (postburial, extensive oxidation). This classification

restricts seawater alteration to the formation of palagonite' and re-

placement of olivine by smectite (b) or the destruction of smectites

during highly oxidative seawater alteration (d). All other minerals

are depicted as products of in situ reactions between the rocks and

either late-stage magmatic liquids or modified pore fluids. Little

remobilization and migration of elements is envisioned between seawater

and crustal rocks.
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Smectites (saponite and nontronite) and celadonite, the most abun-

dant secondary minerals identified in the altered rocks from all areas

of the Nazca Plate, show a remarkable uniformity in chemistry and struc-

ture but are markedly different in chemistry from the host basalt (e.g.,

Seyfried and others, 1976; Scheidegger and Stakes, 1977). The smectites

from the Nazca Plate are typically iron and magnesium-rich and aluminum-

poor with much of the differences in bulk chemistry of secondary vesicle

and vein fillings due to varying proportions of these smectite mineral

species, suggesting uniform conditions of alteration independent of

localized "diagenetic" conditions. Similar magnesium-rich, aluminum-

poor smectites have also been identified as products of hydrothermal

alteration of basalt (Notti , 1976; Bischaff and Dickson, 1975; Hajash,

1975) and as precipitates from mixtures of such hydrothermal solutions

and normal seawater (Seyfried and Bischoff, 1977). The mobilization of

iron from the crustal rocks into metal-enriched basal sediments may be

dependent of increased acidity associated with sniectite formation (Sey-

fried and Mottl, 1977).

A first step toward understanding the processes responsible for

the alteration of oceanic crust requires identification of phyllosili-

cates and other associated secondary minerals, a task made difficult by

considerable variations in chemistry, structure, optical and physical

properties, and degree of crystallinity of the minerals. In this report

we attempt to characterize the secondary minerals separated from altered

Nazca Plate crustal rocks in terms of their composition and distribution

and to establish criteria far the recognition of these secondar.y mine-
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rals for comparison with analogous materials recovered from other al-

tered oceanic crust (e.g., crust removed from DSDP Legs 37, 45 and 51-

53 in the Atlantic Ocean).

The composition of secondary phases found in altered rocks from

the Nazca Plate indicates that the reactions controlling the altera-

tion significantly influence the fluxes of Fe, Si, ('4g. K, and Ca be-

tween crustal rocks and seawater. The alteration minerals not only

provide insight into the chemistry of secondary fluids which permeated

through the rocks (Scheidegger and Stakes, 1977), but also of temporal

changes in the character of hydrothermal circulation throughout the

oceanic crust. The results of this study suggest that with the possi-

ble exception of secondary minerals formed during the late-stage in-

tense oxidative diagenesis of earlier formed mineral phases, all of the

secondary minerals and processes described by Bass (1976) can be asso-

ciated with the hydrothermal circulation initiated at the East Pacific

Rise.

Sample Selection and Analytical Methods

Samples selected for this study represent a broad spectrum of pri-

mary texture and mineralogy as well as mode and extent of alteration.

Seven dredge hauls, each from a prominent (- 1 1(m) single fault scarp,

provided representative samples of altered oceanic crust of different

ages from a variety of geographical locations on the. Mazca Plate. The

dredged areas include: 1) the eastern flank of the East Pacific Rise

(EPR) at about 32°S (dredges 52 and 1011) on crust of about 3 m.y.
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(Rea, 1977); 2) the Quiros Fracture Zone (dredge 28) or crust esti-

mated to be about 20 m.y. and 3) fault blocks of oceanic crust in the

Peru-Chile Trench (dredges 7, 10, 11, 18) believed to be about 40 n.y.

(Scheidegger and Stakes, 1977). Dredge haul '(73-52 from the EPR con-

tains over 300 samples spanning almost the entire range of textures

and alteration effects; it thus provides an opportunity to evaluate

how these factors vary with depth at one location. In addition, miner-

alogical and chemical data from altered rocks recovered from DSDP Site

319 (15.2 + 3.6 n.y.) and Sites 320 and 321 (43.7 + 1.2 n.y.; Hogan and

Dyrnond, 1976) are available for comparison. The dredge and OSOP site

locations are indicated in Figure 1.

A variety of techniques were used to identify and characterize the

alteration minerals. A combination of petrographic descriptions -and

detailed X-ray diffraction analysis proved to be a powerful method of

discriminating between various clay species. Bulk samples were ground

under butanol for one hour and the randomly oriented powder mounts were

scanned from 3°-7D° 2Q for total mineralogy. Clay mineral separates

were prepared either by I) scraping large clay-filled veins or vesicles

or 2) separating the < 2 p fraction from the bulk pulverized rock by

repeated settling and decantation. Mineral separates thus obtained

were Mg-saturated, vacuum suctioned onto pressed silver planchets, sol-

vated with either ethylene glycol or glycerol, and X-rayed from 3°-30°

29. Both bulk samples and oriented clay separates were stepscanned in

0.20 2G increments at 4 second count tines. Selected clay separates
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were also K-saturated and rapidly scanned after heating to 105°, 3000,

and 550°C, to discern the temperatures of collapse of the various clay

species (t-{arward and others, 1962). Finally, the random mounts were

scanned slowly (1/8° 29/mm) between 59.0 and 62.5° 20 to study 060

reflections -

Major element analyses of bulk samples and pure mineral separates

were obtained by atomic absorption spectroscopy following dissolution

in aqua regia and hydrofluoric acid (Fukui, 1976). A metavanadate/

ferrous animonium sulphate titration was used to determine ferrous iron

and water content was determined with a Dupont 26-321 solids moisture

analyzer.

Major element compositions o-f individual mineral phases in the

crystalline and fresh glass samples were determined using ARL semi-

automated microprobe system at the Volcanology center, University of

Oregon. Similarly, altered glasses and large clay aggregates were

analyzed with a defocussed microprobe beam which is less destructive

to the hydrous phases (Melson and Thompson, 1973). Chemical analyses

of the same clay species by AA and niicroprobe provided quite compara-

ble results.

Sample Petrography and Mineralogy

The entire suite of altered rocks recovered from various portions

of the Nazca Plate can be divided into four main groups: 1) fresh p11-

low basalts (FPB), 2) altered pillow basalts and massive basalts (A3),

3) saponite-palagonite breccias (SPB), and 4) coarsely crystalline dia-
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bases (08) and micro-gabbros (GB). Gabbros containing metamorphic

minerals are denoted by MGB. The initial mineralogy and common altera-

tion phases characterizing each group are summarized here, and Table 1

gives a more complete listing of this data. Later sections discuss the

important alteration phases in detail and the nature of the alteration

processes responsible for their formation.

The fresh pillow basalts (FPB) are commonly plagioclase-phyric

with plagioclase and clinopyroxene in the more crystalline interiors

showing typical quench morphologies (Bryan, 1972). The outer glassy

margin is completely isotropic in thin section and can be presumed to

be chemically identical to the erupted liquid (e.g., Nelson and others,

1976). The only observed alteration is yellow or orange superficial

discolorations on cooling surfaces. Even though these samples appear

completely fresh, X-ray analysis of bulk clay separations still show

traces of poorly crystalline smectite.

Altered basalts (AB) are so called because of the presence of

smectites (saponite and nontronite), celadonite, Fe-oxides, and calcite

filling veins and vesicles. The only primary phases significantly re-

placed are olivine phenocrysts and some interstitial glass, both by

srnectites or calcite and Fe-oxide. Near the crest of the EPR (dredge

52 and loll) alteration is minimal with only a few vesicles and inter-

grain boundaries lined with poorly crystalline seponite or Fe oxides,

hydroxides and sulfates, although rare olivine phenocrysts were almost

always completely replaced by well crystallized saponite. The older

basalts from the OSOP sites and the Trench, contain well crystallized
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saponite, nontronite, celadonite, talc, calcite, aragonite, Fe-oxide

and pyrite, the formation of which greatly decreases the porosity of

the rocks (Bass, 1976; Seyfried, and others, 1976; Scott and Swanson,

1976; and Scheidegger and Stakes, 1977) as the veins become closed.

tn contrast to the altered basalts in which secondary minerals

appear confined to veins, vesicles and fractures due to precipitation

from circulating fluids, large amounts of glass in the saponite-

palagonite breccias (SPB) are replaced by the saponite and celadonite.

The once vitreous outer margin, now altered to a bluish-green color,

is cross cut by thick veins of a blackish-green saponite and occasional

calcite. in thin sections (see SEM photograph, Figure 2A), this mar-

gin appears as islands of nonisotropic palagonite or cryptocrystalline

saponite surrounded by numerous microfractures lined with highly bire-

fringent saponite or bright green celadonite. These glassy islands

surrounded by clay give the margin a brecciated appearance, and the

associated micro-fractures are thought to represent original cooling

fractures along which seawater permeated to alter the edges of the

glass. This texture ends abruptly at the more crystalline variolitic

zone, thus preserving the original transition zone to the slightly

more crystalline interior. The interior of these SPB pillows are com-

monly oxidized bright red and may contain small amounts of mica or

talc, mostly replacing olivine and clinopyroxene. The few larger

saponite-calcite veins that penetrate from the bluish rim into the in-

terior are also oxidized to a brawn color. Small amounts of pyrite

occur in veins in these samples. A few of these breccias have sheared



surfaces which are thickly coated with very pure dark green saponite.

The bluish outer margins of the SPBs may be 70% saponi-te and very

friable. The presence of such extensively altered glasses within pil-

low basalts from layer 2 of oceanic crust would create zones of weak-

ness which would prevent successful coring of this material. Although

no such material was reported from the Leg 34 sites, similarly altered

glasses were recovered from DSDP Leg 51 site 417D in Cretaceous oceanic

crust in the western North Atlantic where they were cemented together

by abundant calcite (Scheidegger and Stakes, 1978).

Coarsely crystalline diabases (DB) and microgabbros (C-B) were re-

covered from the two dredge hauls near the EPR and from the lower por-

tion of site 3l9A. Maximum grain size in these samples varies from

1-3 nm and they characteristically have intersertal to ophitic inter-

growths of calcic plagioclase (An75-An60) and augite with infrequent

rounded grains of olivine. All of the diabases from the EPR contain

talc or smectite pseudomorphs after olivine and clinopyroxene and

smectite, chlorite, and celadonite in interstitial areas as identified

in bulk clay separates. Sonic of the finer grained diabase samples

also contain tiny laths of actinolite fringing the plagioclase pyro-

xene grain boundaries.

Low-grade metamorphic minerals comprise 5-10% of the.altered gab-

broic rocks, forming either from residual late-stage liquids or more

likely by interaction between this liquid and primary igneous phases.

Interstitial patches around ophitic intergrowths of plagioclase and

augite contain hydrous minerals in a quenched mesotasis, including
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srnectite, chlorite, phlogopite, talc, hornblende, apatite, actinolite,

as well as pigeonite and magnetite (Table 1, this work; ft. Bass, per-

sonal connunication; Yeats, Hart and others, 1976). Unusual patches

containing granophyric intergrowths of quartz, albite and K-feldspare

also occur interstitially in MGB 1515 from dredge 1011.

Alteration Minerals in Nazca Plate Rocks

A brief catalogue of major alteration minerals reported in Nazca

Plate samples, including their optical properties and X-ray character-

istics, is included in this section, both as a summary of available

data and as an aid in identifying clay mineral species. Bass (1976)

provides a very comprehensive description of the textural relationships

of secondary minerals and so only a brief synthesis of the major as-

pects is given here, with special emphasis on regional variations.

Smectite. The smectite clay minerals ferrosaponite and saponite

are the most abundant alteration phases identified, filling fractures,

vesicles and intergrain boundaries and replacing primary olivine,

clinopyroxene or glass. The dioctahedral species nontronite has been

reported only as filling vesicles in samples from the Peru-Chile Trench

and as interlayers in a saponite from a vein from Site 319 (Seyfried

and others, 1976; Scheidegger and Stakes, 1977). The position of the

060 peak is a seflsitive indicator of chemical substitution in the octa-

hedral layer of the smectites. Characteristic 060 spacings are 1.492

to 1.522 A for dioctahedral species and 1.520 to 1.536 for trioctahed-

ral species, with substitution of Fe producing the larger d-spacings



(Brown, 1961). Observed 060 spacings for the saponites typically vary

from 1.535 to 1.529 A with the smaller values found in the more oxidized

species. The nontronite vesicle fillings from the older trench samples

have 060 peaks near 1.522 A. The nontronitic smectite could be a fer-

rosaponite which acquired dioctrahedral character during low tempera-
+2 +3ture oxidation as Fe was oxidized to Fe and the resulting excess

Fe expelled to discolor the clay brown. A downcore progression from

oxidized smectites to unaltered smectites at DSDP Sites 319 contrasts

with the uniformly oxidized srnectites and abundance of Fe oxides in

veins seen in Sites 320 and 321 recording the gradual oxidation of

crustal rocks with age by exposure to seawater. Heat treatments on

saponites separated from EPR rocks show a resistance to collapse at

300°C (Figure 3), indicating partial Fe(OH)2 or Mg(OH)2 interlayers

(Harward and others, 1962). Increases in the Fe+2 content increases

relief, color intensity, and pleochroism of these clays (Scheidegger

and Stakes, 1977). Thus, the optical properties are quite variable,

being both a function of initial composition and later oxidation. Fer-

rosaponites in the SPBs are strongly plecchroic, highly birefringent,

well crystallized and have a high relief in thin section. Smectites

in vesicles from the AB's tend to be only slightly pleochroic and more

finely crystalline. Representative diffractogranis of the sinectites are

given in Figure 4.

Chemical compositions of the saponite minerals from several dif-

ferent locations on the Mazca Plate are remarkably uniform. Represen-

tative compositions, presented in Table 2, reflect the characteristic
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high Fe and Mg and low Al contents of these minerals, as compared to

the host basalt. The formation of such clays is also accompanied by

an uptake of K. Textural relationships associated with vesicle and

fracture fillings found in basalts in the Peru-Chile Trench (dredge

11; Figure 1) indicate that the more Fe enriched clays tend to form

first, followed by the more niagnesian species (Scheidegger and Stakes,

1977), a sequence which may reflect changes in pore solution chemistry.

Results of several studies in which basaltic glass and seawater

were reacted under various conditions demonstrates that saponite is

the first and most abundant phase to precipitate from solution (4ottl,

1976; Bischoff and Dickson, 1975; Hajash, 1975; Seyfried and Bischoff,

1977) and continues to form until the available Mg is exhausted. The

pH of the solution declines as hydroxyl groups are taken up by the

clay formation and this may be an important factor in solubilizing

metals into solution (Seyfried and Motti, 1977). High water-rock

(>50) ratios enhance saponite formation by providing more Mg. At

lower water-rock ratios, the Mg supply is exhausted and other silicates

begin to form (Seyfriecl and Motti, 1977).

Chlorite. Chlorite was found 1) in the centers of veins in the

DSDP cores (Bass, 1976); 2) in trace amounts mixed with saponite in

the SPBs and 3) in the microgabbros associated with interstitial

patches of talc, vermiculite and actinolite. The addition of Fe or

Mg-hydroxy interlayers to a primary smectite can stabilize the clay

structure so that it becomes a nonexpandable chlorite (Carstea and

others, 1970). The appearance of chlorite in veins and in SPB's (1
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since some incomplete interlayering was apparent during the heat treat-

rnents (Figure 3). Bass (1976) also concludes that chlorite in veins

in DSDP cores is primarily diagenetic.

The chlorite associated with actinolite and talc in the microgab-

bros probably formed at temperatures above 200°C, but is still unlike

metamorphic-grade chlorites. Using XRD data for 060 and 001 d-spacings

and a formula devised by Hayes (1970), Stakes (l978a) calculated the

following formula for the chlorite from MGB 1383:

(Mg4 62Fe281Al0 57) (513 43A10 57)010(OH)8

This composition is unusually enriched in Mg and depleted in Al and

not comparable to the typical metamorphic chlorite compositions con'-

piled by Hayes (1970) or chiorites from greenschist metamorphosed ba-

salts from the Mid-Atlantic Ridge (Stakes, l978a). Metamorphic chlo-

rites are also usually lIb polytypes, as distinguished by characteris-

tic (hal) peaks in the 1.6-3.0 A region of the diffractograni (Hayes,

1970). The peaks for this polytype are present in the MGB chlorite but

are very weak and masked by a vermiculite reflection at 2.51 A. Such

apparent disorder Ethe weak (hol) reflections and the presence of

vermiculite and smectite both suggest unstable or rapidly changing con-

ditions probably associated with the quench reactions. The conspicu-

ous Mg-rich and Al-poor nature of this chlorite species may also sug-

gest that it is transitional to the ferrosaporilte.
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Talc. Talc was identified in all the holocrystalline rocks and

in the few glassy rocks that contained olivine phenocrysts. This as-

sociation suggests that it is most common as a replacement of primary

olivine and may indicate local Si and Mg enrichments (Bass, 1976).

This species was characterized by a peak at 9.4 A (Figure 4) which

suggests that it is Fe-rich like the smectites and chiorites. Color-

less in thin section it has a strong birefringence and high relief.

Abundant talc is intergrown with chlorite, actinolite and saponite

in the metagabbro (MGB 1383, DR 52), suggesting a relationship between

talc and these low grade metamorphic minerals. Experimental seawater-

basalt reactions at temperatures above 4OOC produced similar mineral

assemblages containing actinolite, smectite, talc and albite. This

association may thus be indicative of seawater hydrothermal alteration.

Mica and Vermiculite. There may be two distinct micas present in

the alteration assemblages that are compositionally similar but asso-

ciated with different modes of formation. A green phlogopitic mica

is present in small quantities associated with the actinolite and pi-

geonite of the quench assemblages (Bass, personal communication), sug-

gesting high temperature origins. This mica is seen as hexagonal

plates with birds-eye mottled extinction, strong birefringence and

distinctive pleochroism from bright green to a pale yellow (or brown

in oxidized rocks). Vermiculite was identified in MGB 1383 by the col-

lapse of the 001 peak from 14 A to 10 A following K saturation (Figure

3). It otherwise resembles the phiogopite and may result from altera-

tion of this phase.
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Celadonite is the most conu-non mica. It is associated with smec-

tite in veins and vesicles in DSDP Leg 34 basalts (Bass, 1976; Sey-

fried and others, 1976) in yes-ides in rocks recovered from dredge area

11 in the Peru-Chile Trench (Scheidegger and Stakes, 1977), and in bulk

clay separates from the SPBs and the holocrystalline basalts from the

EPR. In thin section it is commonly slightly pleochroic in shades of

green or yellow and can be microcrystalline with very low relief. How-

ever, Scheidegger and Stakes (1977) noted that it can be strongly

pleochroic, ranging from colorless to vivid turquoise blue. Celadonite

is a dioctahedral 1M mica, rich in ferric iron and low in Al, and is

distinguished from glauconite only by its mode of occurrence (Wise and

Eugster, 1964). Both celadonite and the phiogopite have 001 peaks near

10.2 A, very weak 002 reflections and strong 003 reflections (Seyfried

and others, 1976). Celadonite breaks down at high temperatures to a

phiogopitic mica ('L4ise and Eugster, 1964), suggesting that temperatures

of formation may be the only difference between these two phases.

Under strongly oxidizing conditions, celadonite is enriched in Fe3

compared to Fe+2 and its basal reflections shift to smaller d-spacings

(Wise and Eugster, 1964). The celadonite described by Scheidegger and

Stakes (1977) has a basal spacing of only 9.8 A, which may reflect for-

mation during late-stage highly oxidative conditions. Under all condi-

tions, a Fe-rich, Al-deficient mica is the only significant K-bearing

phase and its distribution must be controlled by the availability of K

and the necessary oxidizing conditions.

Smectite-celadonite Interlayer. A smectite-celadonite interlayer



63

was identified most often in strongly oxidized samples. This inter-

layer is characterized by a weak 001 peak at -15 A, and very strong

peaks at 7.5 A, 5.3 A, 4.8 A, 4.5 A, and 3.04 A. The interlayer peaks

usually appear only in glycolated samples when identical glycerol sol-

vated samples would contain peaks for both a smectite and mica species

(Figure 4, cotupare celadonite + sectite and mixed layer). Ethylene

glycol is a more polar solvent than glycerol , and this evidently pro-

duced a uniform partial expansion of the interlayer resulting in the

stranger monomineralic peaks. The association of the interlayer with

strongly oxidized samples suggests that such a transitional mineral is

produced by oxidation of a Fe-rich sapariite.

Variations in celadonite compositions may also suggest a gradual

transition from ferrosaponite to celadonite. Chemical analyses of

celadonite from oxidation zones and vesicle fillings in Leg 37 basalts

showed decreases in the Al/Si ratio accompanied by increases in K

Na + Ca content with the resulting charge balance maintained by varia-

ble substitution of Mg2 in the octahedral layers (Andrews, 1977).

Such increased substitution of Fe3 for Mg42 or Fe2 in the octahedral

layer of a saponite and increases in the K content would change a fer-

rosaponite to a celadanite composition. Thus1 increased oxidation ac-

companied by loss of Mg and increase in Fe+3 would cause a change from

srnectite clays to micas.

Palagonite. The outermost glassy margin of pillow basalts is

broken up by microfractures caused by differential cooling producing

differences in specific volume between the exterior and interior por-
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microfractures would be much more rapid than bulk diffusion into the

glass (See Figures 2A,3). As basaltic glass alters, it initially

loses its isotropic nature as water and cations diffuse in or out along

such niicrofractures turning the normally black sideromelane to a pale

yellow color. With further devitrification tiny fibers of birefrin-

gent smectite can be detected in the glass. This fibropalagonite tex-

ture has been described by Bass (1976). The formation of palagonite

has been characterized as a low temperature diffusion-controlled pro-

cess (Moore, 1966) and has been used to estimate ages of basalt sur-

face flows (Bryan and Moore, 1977). However, the survival of very

fresh tholeiitic glassy shards in sediment 3.5 m.y. old (Scheidegger,

1973) suggests that palagonitization is not such a uniformly progres-

sive process.

The reaction between water and glass is a two-step process (Dore-

mus, 1973): 1) inward diffusion and molecular dissolution of water in

the glass, 2) ion exchange between cations in glass (e.g. Na+ or Ca)

and H from the water. Although the first step is a low diffusion

controlled process (r2 c time), the second step greatly enhances the

reaction by creating a more open network. With more extensive reac-

tion, the silicate network breaks down and devitrification occurs.

The diffusion rates associated with replacement of the silicate net-

work and loss of Si from the glass may be several orders of magnitude

faster than the rates associated with process l" above (Doremus, 1973).

High temperatures and a low pH would enhance the glass alteration.
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Saponite separated from veins in the SPBs formed at temperatures

>lOOC (Stakes and ONeil, 1978) and under reducing conditions. Thus

the extensive alteration of the glass in these samples is consistent

with Doremus' model. Obviously, the formation of palagonite cannot be

exclusively a very slow low temperature process and can be rapid under

reducing conditions as heated hydrothermal solutions interact with

basaltic glass. The persistence of fresh glass for long periods of

time at low temperatures may also indicate that such an initial in-

cipient high temperature hydration is necessary to allow palagonization

to occur. Chemical analyses of palagonite, "fibropalagonite", the

strongly oxidized rock interiors, and an average fresh glass composi-

tion for three samples from dredge 52 are compared in Table 3. Even

residual islands of relatively fresh glass (column 3) show an exten-

sive loss of Ca and gain o-f Na which is consistent with Doremus' hydra-

tion and cation exchange model. The formation of palagonite is accom-

panied by increases in Mg, Fe, and Ti and losses in Ca and Si compared

to the average fresh glass composition. Replacement of this palagonite

by 'fibropalagonite" is accompanied by even larger increases in Mg and

Fe and decreases in Al, Si, and Na.

The saponite in the enclosing veins is similarly enriched in Fe,

Mg and K, but has 2-7 times less Al than either the fresh or altered glass

compositions (14% A120 in the fresh glass compared to 2-6% Al203 in all

reported saponites). These chemical variations suggest that solutions

which permeated the glass uniformly altered its chemical composition

and precipitated saponite in the surrounding veins During this pro-



66

cess very little Al was mobilized, while Mg, Fe, Pla and Ti were added

arid Si, Ca, were lost from the glass. The changes in the composition

of palagonite also suggest a gradual replacement by saponite. This

process is illustrated in Figure 2B.

The formation of palagonite under low temperatures and oxidizing

conditions may result in quite different chemical exchanges. Large in-

creases in K, Fe+3 and smaller increases in Ti accompanied by losses in

Ca, Mg and Na (Andrews, 1977; Baragar and others, 1977) observed in Leg

37 basalts are associated with the formation of palagonite. The much

larger increase in K and loss of Mg in these rocks contrasts to the Mg

enrichments observed in the SPB's. Celadonite is the predominant clay

mineral in the Leg 37 basalts and the chemical composition of the pala-

gonite suggests that it is being replaced by celadonite rather than

saponite as it devitrifies to fibropalagonite. The transition from

reducing conditions (in the SPB's) to more oxidizing conditions (Leg

37) thus may also control the chemical changes associated with palago-

nitization, as Mg is taken up from solution during the former, and lost

to solution during the latter.

Calcite and pH. Bass (1976) provides an extensive discussion of

calcite and aragonite distributions in altered basalts. Calcite is

always a late forming mineral, found only in the larger pore spaces

that weren't completely filled by the earlier clay minerals (Scheideg-

ger and Stakes, 1977). The lowered pH associated with the clay forma-

tion also makes calcite unstable. The precipitation of calcite and

Fe-oxide during later oxidative conditions signals a return to cold,
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altered basalts, and appears to be the major sink for Ca cations lost

during glass alteration.

From the progressive vein fillings (saponite - Fe-oxide - calcite)

the following primary reactions may be deduced:

(1) saponite formation:

2Mg2 + 3Si02 + 4H20 Mg2Si3O6(OH)4 + 4H

(2) formation of ferric oxyhydroxides:

2Fe2 + 1/202 + 3H20 2FeO(OH)(S) + 4H

(3) calcite precipitation:

Ca2 + HCO3 Cac03(5) +

Reaction (1) has been proposed as the mechanism to lower the pH of solu-

tions analyzed from experimental seawater-basaltic glass reactions (Bis-

hoff and Dickson, 1976). Reactions (2) and (3) describe the formation

of phases observed under Dxi dative conditions. All three reactions

releast to the solution. The transition from saponite formation to

calcite formation, however, suggests that the solution pH has returned

to slightly alkaline conditions. This transition would require either

a) a sink for the H+ produced during clay formation, or b) an influx of

alkaline oxygenated seawater.

A possible sink for H is the palagonitization of the pillow mar-

gins. The second stage of Doremus' (1973) model required an exchange

of H+ for cations in the glass. Such a process may be slower than the
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lowed by a rise in pH, as the is removed from solution more slowly

than the OW. IF the alteration of the glass does not take up the

then these reactions apparently provide excess to seawater.

Metamorphic and Quench Minerals. Low-grade metamorphic minerals

include chlorite, actinolite, apatite, albite and K-feldspar. These

are restricted to interstitial areas and reaction rims around the pri-

mary phases in the rnicrogabbros, the coarsest grained rocks. Inter-

stitial patches of trapped late-stage liquid in these same samples

contain primary quench phases including phlogopite, pigeonite, red-

brown amphibole and abundant rnagnetite. Microprobe analyses (Stakes,

1978b) shows that both the altered rims and the aniphiboles are en-

riched in Fe compared to the primary Ca-pyroxenes. These Fe-rich

groundmass segregations also have abundant magnetite, a texture noted

both in the dredged rnicrogabbros (DR52, DR1O11) and in Site 319 ba-

salts (Thompson and others, 1976).

Reaction between primary calcic plagioclase (An70) and the late

stage liquids in the metagabbros (MOB) has produced strong zoning to-

ward sodic compositions (An29). Laths of albite and apatite form con-

spicuous rims on altered grains. This textural relationship suggests

that the primary phases were altered by a hydrous liquid that was en-

riched in Fe, Ti, K, Na, and P during the final stages of crystalliza-

tion. Stakes (197gb) proposes that the removal of these Fe-enriched

late stage solutions by seawater during the cooling of the massive

basalt is the process generating hydrothermal solutions.



Chemical Changes Associated with Alteration Processes

The chemistry and mineralogy of alteration minerals in crustal

rocks are controlled by a number 0-F different secondary processes.

Each process can effect the nature and extent of alteration and the re-

sulting chemical changes in bulk rock composition. These processes in-

clude: 1) short-lived high temperature quench reactions which leach

certain elements from pillow basalts and deeper-seated rocks and re-

distribute them throughout the shallower rocks and into overlying sedi-

nients by seawater circulation (Stakes, 1978b), 2) longer-lived hydro-

thermally induced circulation initiated in cooling oceanic crustal rock

masses, a process which ultimately declines as geothermal gradients

diminish and as secondary minerals fill available void spaces, and 3)

intrusion of normal cold seawater which oxidizes earlier formed mineral

phases. Each of these processes is associated with different pore

water chemistries, thereby influencing the identity and composition of

secondary minerals. Changes in bulk chemistry of the altered rocks

can be explained by variations in the extent of these reactions and the

nature and amount of secondary minerals that have been produced.

Figure 6 is a schematic diagram of these processes and their relation-

ship to crustal age and changing solution chemistry.

High temperature quench reactions remove Fe, Ti , Mn, K and rare

earth elements from crystalline pillow interiors and holocrystalline

diabases (Stakes, 1978b; Corliss, 1971; Scott and Hajash, 1976). For

crustal rocks from the Mid Atlantic Ridge (Corliss, 1971) and from the

East Pacific Rise (Stakes, 197gb) crystalline rocks are depleted in
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these metals compared to associated glassy pillow basalts. A descrip-

tion of these leaching reactions and chemistry of the hydrothermal

solutions are discussed in detail by Stakes (1978b).

Fe-enriched heated seawater solutions derived from initial leach-

ing of newly formed crustal rocks can react with overlying rocks as

they exit under conditions of variable temperature and water-rock ratios.

Reaction with niicrogabbroic rocks at temperatures near 300°C results

in the formation of greenschist facies minerals (eg., albite, chlo-

rite, and actinolite; Stakes and O1Neil , 1978) but these reactions

dont appear to be very extensive, suggesting rapid cooling by circu-

lating seawater.

The reaction of the exiting solutions with shallower glassy rocks

at temperatures of 100-200°C (Stakes and ONeil, 1978) produces iron-

rich saponite-palagonite breccias. A normalization of the major ele-

ment chemistry of the SPBs with fresh glass from the same area (DR52)

summarizes the chemical changes associated with this reaction (Figure

5b). The precipitation of saponite from solution contributes Fe, Mg,

and Si and a little K, Al, and Ti to the bulk rock composition. The

formation of palagonite, enhanced by the high temperatures and low pH

(favored by the removal of Mg from solution; Seyfried and Mottl , 1977)

results in losses of Si and Ca to solution coupled with gains in Mg,

Fe, K, Na, Ti and H20. Because the ferrosaponite and the palagonite

have less Si and Ca and more Fe and Mg than the fresh glass, the bulk

rock contributes Si and Ca to the soluticn while removing Fe and Mg.

The alteration of the glass to palagonite probably is initiated near
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the rise crest with the beginning of hydrothermal circu'ation (Bass,

1976), but continues at steadily decreasing temperatures providing Si

and Ca for later diagenetic minerals such as calcite and phillipsite.

Under conditions of declining temperatures and intermediate mix-

ing ratios (Seyfried and Bischoff, 1977) Fe and Mg-rich, Al-deficient

smectites derived from seawater-hydrothermal solutions form in vesicles

and fractures with little interaction with the host basalt. Where K

or Si concentrations are high enough and where sufficient ferric iron

is present celadonite may also form. These minerals steadily deplete

the solution in Fe, flg, Si, and K. The Fe derived from the high tem-

perature leaching reactions is depleted most rapidly as recorded in the

transition from the earlier formed Fe-enriched smectite to later formed

Mg-enriched smectites (Scheidegger and Stakes, 1978). These clay

minerals form until the supply of Mg is exhausted or until the circu-

lation of new seawater is impeded by veins and fractures becoming clog-

ged. When Mg is no longer available for reaction, the pH of the solu-

tions increase and other minerals can form (Seyfried and Mottl, 1977).

Thus, the few remaining void spaces are generally filled with phillip-

site and calcite, which must precipitate from slightly alkaline Ca, Al

and Si enriched solutions. The presence of late stage, Al-rich solu-

tions suggests the initiation of plagioclase alteration (Scheidegger

and Stakes, 1977), a hypothesis further substantiated by the pervasive

plagioclase alteration and formation of Al-rich secondary minerals

found in altered Cretaceous crustal rocks from BSDP Leg 51 Site 417A

(Scheidegger and Stakes, 1978). Thus, the distribution of vein minerals
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observed in the DSDP and trench basalts is evidence of the generation

and aging of hydrothermal solutions.

Discussion

Additional support for the formation of Mg- and Fe-rich secondary

minerals early during the alteration of oceanic crust, followed by the

later formation of more aluminous minerals comes from a summary of the

chemistry and mineralogy of secondary minerals present in vein, vesi-

cia and fracture fillings recovered from the ocean basins (Scheidegger

and Stakes, 1978). Chemical variations in secondary minerals from

crust of different ages (Figure 7) suggest that:

1) oceanic crust between 0 and about 15 n.y. typically has i'1g-rich

Al-poor smectites (predominantly saponite);

2) alteration products in crust between 15 and 50 n.y. (Nazca

Plate samples) are typically Mg-rich and Al-poor, but also

somewhat more Fe-rich;

3) alteration products associated with old oceanic crust (108

m.y.; DSDP Sites 417A and 417D) or the younger St. Paul's

Rocks, where solutions are suspected of being derived from

exposed, old (l00 n.y.) ultraniafic intrusions (Scheidegger and

Stakes, 1978) are both Al- and K-rich.

The data defining the trends are admittedly limited. However, it is

interesting to note that the defined trends are consistent with the

evolutionary sequence noted above.

The chemical changes observed in such smectites can also be related
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to the replacement of early formed ferrosaponites by other secondary

minerals in response to increasing oxidation and to progressive changes

in bulk rack compositions. Oxidation of the earlier, hydrothermally

formed Fe-rich smectites at low temperatures could be expected to in-

troduce nontronite layers by oxidizing the ferrous iron to ferric iron

or, if severe enough, might destroy them completely (Bass, 1976).

Limited oxidation might be expected to make the clay minerals somewhat

more iron enriched, and might be responsible for the observed difference

in Fe/Mg ratios for samples from the Nazca Plate and those from the

younger DSDP Leg 37 samples (Figure 7). During such low temperatiori

variation, Mg-rich smectite replacements of olivine or glass would

themselves be replaced by amorphous ferric hydroxides and calcic pyro-

xene would be replaced by Fe-oxide and calcite (Mueller, 1973), result-

ing in a loss of Mg and Si from the bulk rock. Under highly oxidative

conditions, many of the Fe- and Mg-rich smectites would be destroyed

(Bass, 1976) and plagioclase would begin to alter. Consequently, Ca

and more Al would be present in the resulting fluids and this would

favor the precipitation of zeolites (e.g., phillipsite, analcite),

potassium feldspar, calcite, and celadonite (Scheidegger and Stakes,

1978). Increases in Al, Fe and K and losses in Mg would be observed

in bulk rock compositions under such highly oxidizing conditions.

This process could be of considerable importance if hydrothermally al-

tered crust, perhaps buried by overlying sediments, were to be tec-

tonically re-exposed to cold, oxidizing seawater.

Pertinent examples of the composItIonal changes accompanying the
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oxidation of previously hydrothermally altered basalts come from pil-

low basalts dredged from fault scarps within the Peru-Chile Trench

(Scheidegger and Stakes, 1977; .Scheidegger and others, 1977). The

fault scarps are believed to have developed during the last 0.5 m.y.

as oceanic crust of about 40 m.y. in age began to be subducted be-

neath the South American plate (Scheidegger and Stakes, 1977) The

scarps thus have been exposed to highly oxidative conditions for

variable periods of time. Many of the pillow basalts recovered from

these fault scarps have fresh glassy rims with variably altered, oxi-

dized and more crystalline interiors. In Table 4 and Figure 5c, we

present the results of a bulk chemical study of fresh glass-altered

basalt pairs from dredged areas 7, 10, 11 and 18 in the Peru-Chile

Trench. The data in Figure Sc have been normalized to the fresh glass

composition (Fe203/FeO < 0.39) to show resulting chemical changes re-

lative to the fresh glass composition. Implicit of the holocrystal-

line altered pillow basalt interiors was the same as the fresh glass

composition.

From Figure 5c we see that with progressive oxidation as the

Fe203/FeO ratio of the altered basalt increases, Mg decreases and Al,

Fe and K increase. For Si, Ca, Na and Ti the chemical changes ac-

companying oxidation are less obvious, although it appears that the

most oxidized samples are generally most enriched in Ca, Na and Ti

and have somewhat less Si. The chemical trends noted on Figure 5 can

be readily interpreted in terms of seawater oxidation of previously

hydrothermally altered oceanic crust. Two of the least oxidized sam-



75

pies (samples 11-3 and 11-47) appear unaltered, but show an increase

in Mg, a result consistent with the presence of ubiquitous green ferro-

saponite, the secondary mineral typical of hydrothermal alteration

(Scheidegger and Stakes, 1977). In contrast, the three most highly

oxidized samples (7-72, 10-77, and 18-34) a'e reddish in color and are

characterized by brown smectit, iron oxides, and open void spaces.

The high Al, Fe and K concentration and low Mg content of these sam-

pies are consistent with the oxidation o-f the pre-existing ferrosapo-

nite. As such minerals are oxidized, much of the Mg is rernobilized,

Fe is retained as iron oxides, and K increases as celadonite begins

to form and K is removed from seawater (Scheidegger and Stakes, 1978).

In addition, the observed increase in Al is consistent with the ten-

dency for more aluminous smectites to form in oxidized samples (Nelson

and Thompson, 1973; Scheidegger and Stakes, 1978). As Scheidegger and

Stakes (1978) note, the increased availability of Al may coincide with

the initiation of plagioclase alteration. Thus, low temperature, oxi-

dizing sea water alteration can easily obscure the chemical and

mineralogical changes brought about during a much earlier episode of

hydrothermal alteration.

Conci us ion

The interaction of seawater and cooling holocrystalline basalts

results in heated solutions enriched in Fe, Mg, Ti, K, and Na. These

solutions may initially react with basaltic glass to produce smectite

and palagonite at variable temperatures. Celadonite forms when adequate
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K and Fe+3 are available. Hydrothermally altered glassy rocks become

enriched in Fe, Mg, K, Na, and Ti, while contributing Ca and Si to pore

water. The formation of smectite proceeds until the Mg supply is ex-

hausted, keeping the pH lowered and thus enhancing transport of metals

to the overlying metal-enriched basal sediments. liJhen Fe and then Mg

are removed from solution, alkaline conditions prevail and calcite

forms. Subsequent late stage oxidation of the Mg-rich clay minerals

can produce losses in Mg and Si as the smectites are destroyed. In

addition, K and Fe contents can increase as residual ferric Fe-oxide

and celadonite form. Relatively high pCO2 and low temperatures en-

hances the stability of calcic plagiaclase and Al appears relatively

immobile under these conditions. This results in the widespread dis-

tribution o-f rather uniform clay minerals enriched in Fe, Mg, and K

and depleted in Al compared to the fresh basalt. In older crust, under

highly oxidizing, low temperature sea water alteration, primary plagio-

clase begins to alter, thereby contributing Al to solution and making

more aluminous secondary minerals. The nature of secondary minerals

in the crustal rocks from the Nazca Plate provide evidence of the per-

vasive effects a-f hydrothermal circulation and low temperature sea

water alteration in redistributing these metals through layer II rocks.
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Table 2. Saponite and Celadonite Chemical Compositions

(1) (2) (3) (4) (5)

Si02 43.40 44.77 43.25 43.78 54.77

.41203 7.32 3.12 5.79 5.80 3.30

FeO 5.01 19.43 6.78 1.72 4.41

Fe203 8.97 9.73 10.03 15.03

MgO 17.56 18.22 16.62 18.25 7.18

CaO 1.26 1.01 0.65 1.74 0.36

Na20 2.41 0.26 1.95 2.48 0.27

K20 0.45 0.30 1.14 0.91 9.64

Ti02 0.35 0.10 0.18 0.39 0.19

H20 13.63 13.60k 13.59 15.28 5.40

100.36 100.81 99.68 100.38 100.55

(1) saponite vein in sap.-pal. breccia (.4.4)

(2) pyroxene pseudornorph - SPB (m) [ recalculated with H20 13.60%il

(3) green sinectite vesicle filling, Peru-Chile Trench (.4.4)

(4) brown smectite vesicle filling, Peru-Chile Trench (AA)

(5) celadonite vesicle filling, Peru-Chile Trench (A4)

.4.4 atomic absorption

ni = microprobe



Table 3. Alteration of Glass to Saponite and Palagonite

(1) (2) (3) (4) (5) (6) (7)

Si02 50.57 48.67 53.40 41.96 44.35 42.40 44.77

A1203 14.76 14.97 13.72 13.45 12.16 13.20 3.12

FeO* 10.14 10.65 9.46 18.54 15.82 17.60 19.43

NyU 7.67 7.20 7.46 13.69 15.51 15.71 18.22

CaO 10.84 9.08 3.13 0.97 1.74 1.93 1.01

Na20 2.77 3.05 5.00 3.25 3.39 0.67 0.26

K20 0.10 0.24 0.47 0.74 0.54 0.87 0.30

hO2 1.74 1.97 2.37 2.39 1.48 2.60 0.10

H2D 0.44 5.09 5.00 5.O0 5O0 5.00 13.60

99.03 100.92 100,01 99.99 99.99 99.98 100.81

23
0.73 .61 .23 .07 .14 .15 .32

Na 0

A1023
.19 .20 .36 .24 .28 .05 .08

Ti 0

Al 23
.12 .13 .17 .18 .12 .20 .03

Si 0

3.43 3.25 3.89 3.12 3.65 3.21 14.35



Table 3. (continued)

MgO
.52 .48

p203

FeO
.69 .71

A1203

K20(xlO)

A1203
.07 .16

54 1.02 1.28 1.19 5.84

69 1.38 1.30 1.33 6.23

34 .55 .44 .66 .96

(1) average fresh glass composition for DR52 (AA)

(2) oxidized interior of SPB15O3 (AA)

(3) residual glass in margin of SP82364 (ni)

(4) altered glass (palagonite) from margin of SPB2382 (m)

(5) fibropalagonite" from margin of SPB2364 (ni)

(6) fibropa1agonite from margin of SP31505 (m)

(7) saponite from clinopyroxene pseudoniorph SP82364 (m) estimated
water content

assumed a water content of 5.00% and calculated microprobe data to
total of 100%. Water content probably varies from 2-6%.
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Table 4. Chemical analyses o-f glass (G) from the glassy rim of pillow
basalts compared with altered (A) basalt from the more holo-
crystalline interiors of the same pillows. Insufficient
glass was available from sample ll_47(G);* total Fe is calcu-
lated as FeO.

7-72(G) 7-72(A) 7J 7-166(A) 7-183(G) 7-183(A)

Si02 49.66 48.49 50.37 49.66 50.07 50.45

Ti02 1.51 1.63 1.77 1.99 1.73 2.10

Al203 14.86 15.48 14.07 14.72 14.30 14.82

Fe203 0.42 9.02 3.42 6.02 1.05 5.65

FeO 11.42 .3.47 8.77 4.85 11.60 5.19

MgO 7.77 4.71 7.31 5.76 7.11 6.00

CaO 12.45 1L36 12.41 11.98 12.27 12.09

Na20 2.41 2.59 2.42 2.75 2.45 2.70

K20 0.12 0.64 0.13 0.53 0.13 0.48

10-77(G) 10-77(A) 11-3(G)

Si02 50.29 44.91 50.70

hO2 1.63 1.90 1.49

A1203 13.35 14.34 15.47

Fe203 2.94 10.05 1.20

FeO 11 .29 5.50 9.24

MgO 7.95 5.91 7.45

CaO 11.24 10.71 12.37

Na20 2.07 2.36 2.39

K20 0.10 0.70 0.24

11-3(A) 11-47(0) 11-47(A)

51.58 50.89 48.48

1.58 1.46 1.68

14.95 15.24 15.36

4.43 5.09

5.22 9.41* 3.67

7.80 7.76 7.69

10.80 12.15 11.11

2.62 2.39 2.72

0.38 0.21 0.45
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Table 4. (continued)

18-34(G) 18-34(4)

Si02 50.53 51.05

hO2 1.22 1.41

41203 15.84 17.30

Fe203 0.09 6.52

FeO 9.16 3.08

MqO 8.46 4.92

CaO 12.52 13.71

Ma20 2.59 3.29

K20 0.05 0.52
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Figure Captions

Figure 1. Map showing locations of dredges (52, 1011, 7, 10, 11,

18) and DSDP sites (319, 320, 321)

Figure 2. A: SEM photograph of microfractures in saponite-palagonite

breccia

B: Schematic diagram of SPB formation

Figure 3. Results of heat treatments on K-saturated clay separates.

1) dried at 1100, 54% relative humidity, 2) dried at 110°,

dry air, 3) heated to 300°C, dry air, 4) heated to 550°C,

dry air

Figure 4. Representative diffractograms of major clay alteration

phases. Samples or oriented slides of Mg-saturated,

glycerol-solvated pure species

Figure 5. Normalization plots surnniarizing chemical variations for

major alteration groups ;. Saponite-palagonite breccias versus

average fresh glass composition; B. Fresh versus altered

basalts from the Peru-Chile Trench

Figure 6. Diagram illustrating the temporal variations in seawater

circulation, pore water chemistry and mineralogy for

major alteration species

Figure 7. Summary of all available chemical data for clay species

from altered oceanic rocks
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CHEMICAL CHANGES IN ALTERED
BASALTS (PERU CHILE TRENCH)
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CHAPTER THREE

SUBMARINE HYDROTHERMAL SYSTEMS: VARIATIONS IN MINERALOGY AND

CHEMISTRY AND THE GENERATION OF METALLIFEROUS SEDINENTS

by.

Debra S. Stakes

Oregon State University
School of Oceanography
Corvallis, OR 97331
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Abs tract

Evidence for the chemical and physical conditions of seawater hy-

drothernial alteration of oceanic rocks can be deduced from secondary

mineral assemblages. Chemical fluxes related to these alteration reac-

tions can be characterized in terms of temperature, pH, and ultimately

water-rock ratios. Either high temperature leaching reactions or reac-

tions producing amphibole-rich assemblages appear to be the most likely

source of the Fe and Mn enriched solutions required for the production

of metal-enriched basal sediments. Under these reaction conditions cal-

cic plagioclase is stable while mafic minerals are altered to chlorite

and actinolite. Late stage components of the niagma (Fe, Mn, Si, K,

LREE) appear to be redistributed by seawater, producing LREE, Fe, arid

Ti enrichments in coarse-grained actinolite and apatite-rich gabbros.

These reactions between seawater arid cooling basalts could produce a

significant amount of hornblende gabbro in Layer 3 of the oceanic

crust. In addition, subsequent reaction of these Fe-enriched, heated

solutions may produce greenstones (MAR) or saponite-palagonite breccias

(EPR) both enriched in Fe and Mg and depleted in Ca and Si by chlorite

or smectite formation.

Only a small fraction of the available Fe and Si leached by hydro-

thermal reactions is actually added to basal sediments, as most precipI-

tates as Fe and Mg-rich smectites within the crust when the hydrothermal

solutions cool and mix with normal seawater. Sniectite formation will

also decrease the Fe-Mn ratio of the hydrothermal by the preferential

uptake of Fe.



The rock-dominated hydrothermal system indicated by the presence

of greenstones from the 4AR may be restricted to deep fracture zones

characteristic of slow spreading ridges. Circulation in more permeable

pillow basalts may in contrast, result in a seawater-dominated hydro-

thermal system.

INTRODUCTION

Diverse types of data support the existence of extensive hydro-

thermal alteration of oceanic rocks by seawater. Low heat flow values

measured near mid-ocean spreading centers indicate convective heat loss

by circulating seawater heated by interaction with slowly cooling mas-

sive rocks (Taiwani et al., 1971; Lister 1972; Wolery and Sleep, 1973).

Metal-rich basal sediments are also associated with spreading centers,

as these components (Fe, Mn, Si predominantly) are removed from deeper

crustal rocks and subsequently precipitated from the hydrothermal fluid

upon mixing with normal seawater (Corliss, 1971; Dynond et al., 1973).

Oxygen isotopic compositions of metamorphosed basalts from the Mid-

Atlantic Ridge indicate reactions with seawater at temperatures up to

350°C (Muehlenbachs and Clayton, 1972; Stakes and Q'Neil, 1978). Hydro-

thermal solutions collected from submarine hotsprings near the Galapagos

Spreading Center are direct evidence of seawater modified by such reac-

tions (Corliss and others, 1978). Experimental studies of seawater-

basalt interactions have been numerous and have established that water-

rock ratios and reaction temperature are the most important factors in

determining both the metal enrichment in the hydrothermal solution and
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the mineralogy of the resulting alteration projects (Mottl, 1976;

Hajash, 1975; Sevfried and Mottl, 1977).

The specific reactions that generate such enriched solutions, how-

ever, are not readily apparent. Seawater interactions with crustal

rocks related to these submarine hydrothermal systems are complex, as

later low temperature alteration products may be superimposed on earlier

high temperature phases. Previous studies have suggested that such

solutions may be generated by: a) the rapid quenching of pillow ba-

salts (Scott and Hajash, 1976), b) the 1eachng of massive flow in-

teriors (Corliss, 1971) and c) the alteration of pillow basalts to

greenschist mineralogy (Hart, 1973 Humphris and Thompson, 1978a,b).

A model of a seawater hydrothermal system must integrate the ob-

served mineralogy and chemistry of the altered oceanic crustal rocks

with the experimentally determined conditions for production of an Fe-

enriched hydrothermal solution. In this study, I have compared a

variety of representative altered rocks from both the East Pacific Rise

and the Mid-Atlantic Ridge and identified a spectrum of alteration

reactions. The conditions of alteration (e.g., temperature, water-rock

ratio, pH, solution chemistry) have been deduced by comparison to both

experimental work and other field studies. Differences between the al-

tered samples and fresh equivalents in the two areas record the chemi-

cal effects of the alteration processes and can be explained in terms

of these reactions. This paper focuses on the reactions that may pro-

duce Fe-enriched hydrothermal solutions which precipitate as metalli-

ferous basal sediments. tnteractiorts between such circulating Fe-
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enriched solutions and crustal rocks under varying conditions are also

examined, as they may significantly redistribute Fe, Mg, Si and certain

trace metals in Layer II crustal rocks as well as modifying the chemis-

try of the hydrothermal solutions.

METHOD

Rock samples were selected from two dredge hauls from the East

Pacific Rise and three dredge hauls from Fracture zone B of the FAMOUS

Area on the Mid-Atlantic Ridge. Dredge numbers and locations are shown

in Figure 1. Samples were chosen to represent all types of alteration,

textural varieties, and fresh analogs. In general, bulk samples were

taken from the homogeneous inner portions of the rocks so as to mini-

mize the imprint of exposure of low temperature seawater oxidation.

Mineral phases were identified by optical petrography, detailed x-ray

diffraction of both bulk samples and mineral separates and rnicrcprobe

analyses of individual phases. Clay mineral identification techniques

are discussed elsewhere (Stakes and Scheidegger, 1978). Atomic absorp-

tion spectroscopy, following dissolution in aqua regia and hydrofluoric

acid (Fukui, 1976),was used to determine major elements and Cu, Ni, and

Zn. Other trace elements including rare earths (REE) were analyzed by

neutron activation analysis (Gordon et al., 1968). Oxygen and hydrogen

isotopic analyses, used to estimate temperatures of alteration, are dis-

cussed in Stakes and O'Neil (1978).

SAMPLE DESCRIPTION

East Pacific Rise. Samples from the EPR include fresh pillow ba-
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salts (FPB), pillows altered to saponite and palagonite (SPB), fine-

grained massive basalts (AB) and dolerites (DB), gabbros (GB) and

coarse-grained rnetagabbro (MGB). The fresh pillow basalts are all

plagioclase-phyric and contain plagioclase and clinopyroxene micro-

phenocrysts with quench rnorphologies in an otherwise glassy matrix.

The only apparent alteration is sniectite vesicle fillings or reddish-

orange Fe-oxide precipitates on cooling surfaces.

In contrast, the saponite-palagonite breccias (SPB) have a large

fraction of the glassy pillow margin replaced by the clay minerals

saponite and celadonite. The once vitreous outer margin, altered to

bluish-green palagonite, is crosscut by thick veins of blackish-green

saponite. The SPB interiors are oxidized bright red and contain Fe-

oxide, mica, talc and smectite, replacing mafic minerals or lining

grain boundaries.

Massive holocrystalline basalts grade from firie-grained to doleri-

tic (DB) in grain size and are composed of intergrown plagioclase,

c1inoyroxene and titanomagnetite. The rare olivine phenocrysts are

altered to green smectite or red Fe-oxide. Sniectites or celadonite

line fractures or interstitial areas. Fine green prisms which occur

sparsely in the dolerites appear to be secondary amphiboles.

The coarsest grained rocks, the gabbros and metagabbros, show

variable degrees of alteration from amphibolite to greenschist and

smectite facies. These rocks are ophitic to subophitic intergrowths of

augite and labradorite plagioclase with lesser amounts of interstitial

divine. Evidence of deformation is suggested by bent plagioclase
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crystals and recrystallized shear zones.

Some of the coarsest-grained rocks contain interstitial patches of

hydrous minerals including smectite, a red-brown amphibole, apatite

and a phiogopitic mica. Pyroxenes that border such patches have Fe-rich

rims and are altered to actinolite. Pigeonite appears here both as tiny

quenched laths and on rims of adjacent pyroxenes. These interstitial

areas are unusually rich in titanomagnetite, a textural association

also noted in similarly altered massive basalts from Site 319 (Thompson

et al., 1976). Reaction between late-stage fluids from which such

quench phases form, and primary plagioclase, has produced albitized

rims which vary from andesine to albite in composition. Colorless

laths of apatite are included in the altered plagioclase rims and ex-

tend into the niesostatis area. The presence of a granophyric inter-

growth of K-feldspar, albite and quartz, observed in one sample, re-

flects the extreme example of this alteration. Chlorite, talc and ver-

miculite are also present in the gabbros and metagabbros.

Mid-Atlantic Ridge. Samples from the Mid-Atlantic Ridge include

greenstones, greenstone breccias, several fine grained and doleritic

basalts and an actinolite-rich amphibolite, The greenstones (CS) and

greeristone breccias (GSB) were initially quenched pillow basalts that

have been subsequently altered to greenschist factes mineralogy (Cann,

1969). The primary texture of euhedral plagioclase and clinopyroxene

phenocrysts set in a glassy matrix is still quite discernible, as well

as numerous vesicles now filled with secondary minerals. The glassy
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matrix in the greenstones is now completely replaced by chlorite and

quartz; phenocrysts are replaced by quartz and segregated quartz-epidote

veins pass through the matrix. Plagioclase in the greenstone breccias

is replaced by albite pseudomarphs with cores of either epidote or cal-

cite while the surrounding matrix is replaced by epidote or quartz)

calcite and Fe-oxide. Veins and vesicles are filled progressively with

epidote, chlorite, quartz and calcite. Except for perhaps the relative

abundances of calcite and actinolite, these samples are typical of meta-

basalts recovered from several areas on the Mid-Atlantic Ridge (Cann,

1971; Miyashiro et al . , 1971; Meison et al , 1968).

The remaining MAR samples are very similar to those from the EPR.

Both basalts and diabases have phenocyrsts of calcic plagioclase and

olivine with a matrix of fine-grained plagioclase, clinopyroxene and

niagnetite. Fractures and vesicles in the glassy basalts are filled

with saponite or saponite and celador,ite. A few of the glassy rocks

are extensively altered to saponite, palagonite and celadonite similar

to the SPBs from the EPR. Alteration observed in the coarse-grained

rocks from the MAR is also quite similar to that described for the EPR

suite: 1) smectite pseudoniorphs of olivine phenocrysts in the finer-

grained samples, 2) actinolite present as laths lining interstitial

areas, and 3) actinolite and chlorite as a replacement of clinopyroxene

in coarser-grained samples.

CHEMICAL DATA

Bulk Chemistry. The compositional variations of representative
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samples of the saponIte-palagonite breccias, diabase, and gabbro, com-

pared to an average fresh basalt composition, are presented in Figures

2 and 3. The fresh basalt represents an average of these samples con-

taining the lowest K and H20 contents. The saponite-palagonite brec-

cias are enriched in K, Fe, Mg, Ti, Na and depleted in Ca and Si rela-

tive to the presumed initial bulk composition. All of the diabases

and gabbros (except the nietagabbros) are lower in Fe, Mn, Ti02, and

Si, and higher in Al and Ca than the freshest pillow basalts (Figure 3

and Table 1). The rnetagabbros, MGB 1383 and MGB 1515, are unique in

that they are enriched in alkalis, Fe, Si and Ti compared to diabases

from the same area.

Trace elements show similar variations. Figure 4 compares the

rare earth compositions of the metagabbros, the diabases and the fresh

pillow basalts. The two fresh pillows have the rare earth distribution

characteristic of mid-ocean ridge basalts (MORB) with light rare earths

(LREE) depleted relative to the heavier rare earth elements. A similar

LREE depleted pattern is evident in the diabases, but the absolute con-

centration 0f all the rare earths is lower in the diabases than in the

pillows. In contrast, the two rnetagabbros have rare earth abundances

higher than either the diabases or the pillows. P4GB 1l5 appears uni-

formly enriched in REE and P4GB 1383 is preferentially enriched in the

light rare earth elements.

The bulk chemical variations observed in the MAR samples are not

as easily sunviarized, as the composition of unaltered basalt from this

area is less apparent because too few fresh samples were available.
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respond to degrees of alteration: a) samples which are predominantly

chlorite-rich are higher in Fe and Mg (and lower in Ca and Si) than

fresher glassy rocks; b) samples containing abundant actinolite and

the holocrystalline rocks are lower in Fe than freshest glassy rocks.

Such variations are similar to results from previous extensive analyses

of greenstones (Hurnphris and Thompson, l978a,b) and holocrystalline

basalts (Corliss, 1971) from the MAR.

Phase Chemistry. Major element chemistry of predominant altera-

tion minerals, saponite, actinolite, chlorite, albite, apatite, as

well as chemical variations in primary minerals were determined. The

chemical composition of the smectites from the saponite-palagonite

breccias and that which replaces olivine in lesser quantities in the

altered basalts, diabases and gabbros is discussed in detail in Stakes

and Scheidegger (1978). Briefly, these sinectites are enriched in Fe,

Mg and K and depleted in Ca. Si and Mn compared to the initial basalt

composition. Thus the bulk chemical composition of the saponite-

palagonite breccias may be explained by smectite replacement. Similar-

ly, chlorite from the MAR greenstones is enriched in Fe relative to

fresher basalts and such an Fe-enrichment is also observed in the green-

stones replaced by chlorite and quartz (e.g., GS 2405, Table 2). Thus

the formation of such Fe- and Mg-rich phyllosilicates can account for

comparable enrichments observed in the bulk chemical compositions.

Interstitial quench patches in the EPR gabbros contain apatite,

actinolite, mica, magnetite and red-brown hornblende. Microprobe
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analyses of some of these phases (Table 3) indicate enrichments in Fe,

Si, K, arid Na compared to primary phases. Interstitial actinolite and

pigeonite for example, are enriched in Fe compared to the cores of

primary clinopyroxene. Primary phases bordering these regions show

similar chemical zoning, with the rims of pyroxerie becoming Fe-rich

and plagioclase becoming Na and K-rich. These chemical variations and

the presence of apatite, titanomagnetite, hornblende, and mica suggest

that the interstitial silicate liquids from which such minerals formed

were enriched in Fe, Si, Ti, K, P, H20 and probably LREE.

The REE enrichment observed in the nietagabbros and the preferen-

tial LREE enrichment observed in MGB 1383 may be related to the forma-

tion of apatite, actinolite and chlorite. Apatite, observed in the

altered coarse-grained rocks and especially abundant in MGB 1515, has

previously been characterized as associated with such REE enrichments

(Beswick arid Carmichael, 1977). Rare earth compositions of actinolite

arid chlorite separated from MAR samples in addition show preferential

LREE enrichments (Figure 5), suggesting that the formation of these

metamorphic minerals may be accompanied by bulk LREE enrichments ob-

served in the nietagabbros such as 11GB 1383. In contrast to the metamor-

phic minerals, saponite contains low concentrations of the rare earth ele-

merits and has a REE distribution similar to seawater (Figure 6). Thus

the saponite-palagonite breccias enrichment and distribution pattern

ou1d be only a slightly modified from that of the fresh basalts by

saporite formation.



REACTIONS BETWEEN SEAWATER AND CRUSTAL ROCKS: EFFECTS ON TENPERATIJRE

AND WATER-ROCK RATIOS

The temperature of seawater-basalt interaction is an important

parameter regarding the leaching metals from the rocks. Previous ex-

perimental studies have suggested that temperature influences the

possible basalt alteration products, and that temperatures above 400°C

may be necessary to mobilize substantial Fe and tin into solution

(Nottl, 1976; Hajash, 1976; Bischoff and Dickson, 1975). Observed

phase relations coupled with experimental and stable isotope studies

can suggest certain limits on the temperature variations within a sea-

water hydrothermal system. Seawater may enter along cooling fractures

in newly erupted basalts at temperatures as high as 900°C (Peck and

Minakami, 1968), but rapid flow rates may maintain the average water

temperatures significantly below this (Lister, 1976). Short-lived

quenching reactions associated with the cooling of shallow extrusive

basalts may thus be initiated at such elevated temperatures. These

reactions have been associated with the "deuteric replacement of

olivine and the removal of metals from massive basalts (Corliss,

1971) or pillow basalt interiors (Scott and Hajash, 1976).

The formation of actinolite-rich rnetagabbros and interstitial

primary hornblende in diabases and gabbros from the EPR and the MAR

suggests temperatures previously estimated at 350°C to 700°C (Helm-

staedt and Allen, 1977; Stakes and O'Neil, 1978; Melson and Thompson,

1971). With relatively low pressures (shallow depths) and temperatures

above 400°C, the calcic pyroxene in a dolerite or gabbro would alter



109

to actinolite while the calcic plagioclase would remain unaltered, re-

sulting in actinolite-calcic plagioclase-chiorite assemblages (Liou

et al., 1974; Cann, 1971). The observed alteration in the coarse-

grained rocks (chiorite-calcic plagioclase-actinolite) thus suggests

temperatures of either amphibolite fades or conditions transitional

between the amphibole and greenschist fades. Quenched mesotases

areas that contain primary amphIbole and skeletal pigeonite rimmed by

clinopyroxene altered to actinolite, suggest the addition or concentra-

tion of water in a mostly crystalline intrusive at these temperatures.

Such a water-rich melt of gabbroic composition would crystallize as

plagioclase, amphibole and magnetite (Yoder and Tilley, 1962), the

observed mesostasis assemblage. The presence of amphibole, thus could

suggest either crystallization from water-enriched basaltic melt or

alteration of previous formed dolerites at temperatures above 400°C.

Greenschist facies minerals (chlorite, albite, epidote, quartz)

are present in the MAR greenstones and greenstones breccias as well

as superimposed on higher (and lower) temperature assemblages in the

metagabbros from the EPR. Temperatures of formation of these minerals

vary from 200°C-350C (Stakes and 0Nej1, 1978; Muehlenbachs and Clay-

ton, 1972). Oxygen isotope data for the saporiite-palagonite breccias

suggests alteration at temperatures between 100°C-200°C (Stakes and

0Neil, 197).

The range of temperatures of seawater-basalt interactions can

thus be deduced from the secondary minerals. The observed alteration

mineral assemblages indicate seawater interactions that occur at maxi-
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mum temperatures characteristic of the upper greenschist facies to

lower aniphibolite (400° -600°C). During such high temperature reac-

tions, olivine is replaced by saponite or talc while pyroxene in the

holocrystafline rocks may be replaced by actinolite. The primary am-

phiboles in the gabbros suggest direct contact between seawater and

cooling intrusives while replacements of pyroxene indicate post-cry-

stallization alteration. In contrast, greenstones and saponite-

palagonite breccias were initially rapidly cooled glassy basalts as

indicated by phenocrysts with quench morphologies. The replacement

of such glassy rocks by metamorphic mInerals suggests that they were

apparently reheated and altered by hot seawater, at temperatures

ranging from 100°C-350°C.

Water-Rock Ratios. Numerous experimental studies have emphasized

the importance of water-rock ratios in determining the mineralogy of

the altered rocks (Seyfried and Bischoff, 1976; 1ttl and Seyfried,

1977; Seyfried and Motti, 1977). Under conditions of low water-rock

ratios (<50:1) all of the Mg is removed from solution by smectite or

chlorite formation. Thereafter the precipitation of other silicates

such as epidote and quartz occurs. Such a rock dominated system would

have higher temperatures of alteration due to less mixing with cold

seawater or slower flow rates. In contrast, in a seawater dominated

system with water-rock ratios greater than 50:l,Mg is not removed quantita-

tively removed and smectites precipitate from solution at all temperature.

This process maintains a law pH which solubilizes Fe and Mn at all

temperatures. The temperatures of alteration and sniectite precipita-
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tion for such a system would be lower than in a rock-dominated system

due to intermixing of larger volumes of cold seawater or more rapid

flow rates.

Characterization of a hydrothermal system by water-rock ratios,

the total amount of water divided by the total amount of altered rock,

may be ambiguous. The water-rock ratio referred to in experimental

studies is based on the measured quantities of water and rock combined

in a reaction vessel. As an experiment progresses, more rock alters

while the quantity of water remains the same resulting in a continually

changing effective water-rock ratio during the experimental run. This

effective water-rock ratio is the quantity deduced from observed iso-

topic shifts (Uhnioto and Rye, 1974) or from alteration mineralogy (Sey-

fried and Motti, 1977) and is the only value determined from field studies.

Given equal volumes of water, a system with higher water

temperatures ou1d have a lower effective water-rock ratio due to more

extensive reaction with surrounding rock. The effective water-rock

ratio of a system at very low temperatures may be very high because of

slower reaction rates. The availability of fresh rock for reaction

i1l also affect the amount of rock that is altered. Thus the volume

of rock which has reacted with the water may be variable with tempera-

ture and permeability. A second consideration is that for any parcel

of water moving through such a system, the effective water-rock ratio

will decrease with residence time as it sees" more rock (Ohmoto and

Rye, 1974). The concept of rock-dominated versus seawater-dominated

systems thus appears to be a more useful concept in the present context
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as it is based on magnesium availability and appears to suggest real

differences in alteration mineral assemblages.

The reducing conditions and low pH associated with smectite forma-

tion enhances metal transport (Hajash, 1975; Seyfried and Mottl, 7977).

Although some of the dissolved Fe is taken up by smectite formation,

the low pH resulting from the removal of Mg(OH)2 groups by the smectite

keeps significant quantities of Fe in solution even at low temperatures

(Seyfried and Mottl, 1977). This suggests that hydrothermal solutions

which are generated by high temperature interactions can transport dis-

solved metals to the basalt-seawater interface by maintaining a low pH

through srnectite formation. Seawater interacting with cooling crustal

rocks with high water-rock ratios and derived hydrothermal solution

intermixed with normal seawater both precipitate smectites in large

quantities. Iron-rich smectite (ferrosaponite) similar to those pro-

duced in the experimental studies are comonly found filling veins and

vesicles in altered basalts (Seyfried et al., 1976; Bass, 1976; Schei-

degger and Stakes, 1977). Although isotopic data generally suggests

low temperatures of formation for these saponites (Muehlenbachs, 1976,

1977) the saponIte-palagonite breccias contain vein minerals whose

isotopic compositions indicate temperatures near 150°C. Such moderate

temperatures of formation and the low pH may be thus associated with

hydrothermal alteration under conditions of high water-rock ratios. The

saponites filling veins and veiscles in otherwise unaltered rocks from

both the MAR and the EPR may represent precipitates from circulating

hydrothermal solutions.
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REACTIONS BETWEEN SEAWATER AND CRUSTAL ROCKS: CHEMICAL EFFECTS

The alteration assemblages represent a spectrum of seawater-rock

reactions which can be discerned by careful examination of the chemical

differences between fresh and altered rocks. The following discussion

characterizes the possible reactions and relate them to a proposed

chemical rndel of seawater interactions, a synthesis of which is pre-

sented in a subsequent section.

Leaching Reactions. Rapid quenching of massive basalt at high

temperatures is associated with intense leaching of metals from inter-

granular boundaries as sulfide or chloride complexes (Corliss, 1971).

Such reactions produce depletions in Fe, Mn, Hf and REE compared to

fresh pillow basalts from the same area. Similar chemical variations

have been noted in the more crystalline interiors of large pillow

basalts (Scott and Hajash, 1976). These reactions leave little minera-

logical imprint on the rocks except for replacement of olivine by

saponite. As these leaching reactions are associated with the initial

cooling of a melt from niaginatic temperatures, they are characteristi-

cally short-lived. Chemical effects are a uniform depletion of late

stage components (i.e., Fe, Mn, Ti, REE), in all the holodrystalline

rocks compared to fresh glass and thus may contribute substantial

amounts 0f these constituents to seawater solutions. These effects

are most discernible in my data by the comparison between fresh pillow

basalt and diahase (Figure 3). Plots of Fe, Mn, Ti and Zn show good

correlations (Figure 7a,b) in all the EPR rocks suggesting that a niag-

rnatic process dominates the distribution of these components. Sea-
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that uniformly dissolve and redistribute these same

only enhance the apparent magmatic differentiation

leaching reactions could in fact mimic fractiona-

their chemical imprint on the bulk compositions of

reactions would be initiated at high temperatures

as cooling fractures penetrated into the basalt. Lister (1976) des-

cribes such direct cooling of basalt by circulating seawater an "active"

system, characterized by a fast circulation and large amounts of sea-

water. The ambient temperature of the solutions would remain low be-

cause of the large volumes of water and rapid mixing with normal sea-

water. These conditions would result in the high water-rock ratios and

smectite precipitation characteristic of a seawater-dominated regime.

Reactions Producing Atnphiboles. Diabasic and gabbroic rocks from

the EPR all show uniform depletions in the 'late-stage" components

compared to fresh glass. Evidence that these depletions result from

seawater interaction is suggested by the textural and chemical varia-

tions among the EPR holocrystalline rocks. The presence of fine-grained

skeletal minerals in the interstitial areas of otherwise coarse-grained

rocks suggests a two-stage cooling: a) a slow cooling rate charac-

terized by large crystals of plagioclase and pyroxene accompanied by

an enrichment in the residual silicate liquid of those components ex-

cluded from these phases the late-stage components Fe, Mn, Ti, and

REE, b) a rapid cooling of the residual fluid characterized by skeletal

minerals relatively enriched in the late-stage components (titanoniagne-
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tite, amphibole, apatite). This residual solution contains enough dis-

solved water that primary amphiboles, smectite, chlorite, phlogopite

and mica are stable. The composition of the quench pigeonite and the

amphiboles suggest that the bulk composition of the residual liquid

was still gabbroic in composition like the original silicate liquid

from which the primary phases formed. Thus the quench texture must

represent a cooling phenomenon rather than the result of a dramatic

change in composition of the trapped liquid. The association between

magnetite, amphibole and plagioclase in these interstitial areas can

be explained by variations in oxygen fugacity which is controlled by

the water content. In an anhydrous melt, low f02 prevails and dif-

ferentiation follows a Skaergaard trend toward Fe and Ti enrichment

(Kennedy, 1955). Increasing the water dissolved in the melt, and thus

the f02 results in a change in the oxidation state of Fe causing niagne-

tite to precipitate from the melt. The addition of water also can

cause this trapped fluid to precipitate with the mineralogy of a pri-

mary hornblende gabbro (Yoder and Tilley, 1962). Any residual melt

would become increasingly enriched in Si, Na and K producing apatite

and albite.

The source of water contained in these interstitial hydrous phases

is most significant -- whether it is of juvenile" origin or seawater.

The minor contribution of juvenile water in such tholeiltic melts is

strongly suggested by: a) the observed Fe and Ti-enrichments, asso-

ciated with the crystallization of the primary phases from an anhydrous

melt that contains insignificant water during most of the crystalliza-
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tion period; b) deuterium compositions of chlorite and actinolite from

similar oceanic rocks indicating a seawater origin (Stakes and ONei1,

1978); and c) essentially anhydrous glass inclusions found in plagio-

clase that are presumed to represent primary melt compositions (Delaney

et al., 1977). In addition, the "quenched" mesostasis indicates an

abrupt change in cooling rate which would not be expected during a

graduation enrichment of juvenile water occurring with crystallization.

Alternatively, I propose that these texturaland chemical variations

represent the introduction of seawater into a mostly crystalline intru-

sive at very high temperatures. The two-stage cooling texture would be

a direct consequence of the rapid quenchthg by the introduction of sea-

water.

Such an addition of seawater could not only enhance the alkali and

water content of the residual liquid, but with larger amounts of melt,

could change the fractionation trend of the residual liquid from Fe-

enrichment to Si and alkali enrichment (Kennedy, 1955). The chemical

variations that exist between the EPR holocrystallirie rocks can be re-

lated to a redistribution of these late-stage liquids by seawater in-

teraction. Extensive alteration of the primary phases to actinolite,

chlorite, vermiculite, apatite, K-feldspar and quartz in the metagab-

bros is accompanied by enrichments in alkalis, Fe, Si, Ti and REE to

the bulk rock composition. Formation of abundant chlorite and actino-

lite was previously associated with LREE enrichments for sample MGB

1383. The same late-stage chemical constituents identifed as removed

by seawater leaching' reactions in holocrystalline basalts and dia-
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bases are thus apparently enriched in these samples

The late-stage components can be redistributed by water dissolved

in a melt in response to pressure and temperature gradients during

cooling (Kennedy, 1955). This remobilization and concentration pro-

cess would create pods of uenriched holocrystalline rocks in the cen-

tral portions of doleritic dikes. Late stage deuteric" reactions be-

tween these fluids and primary minerals would produce the conspicuous

secondary minerals. Thus the entire range of chemical and mineralogi-

cal variations observed in the EPR holocrystalline samples can be ex-

plained by seawater interactions with rocks at various stages of cry-

stallization. These amphibole-producing reactions in coarse-grained

rock as well as the leaching reactions in the massive basalt provide

evidence of a source of Fe and Mn for the seawater hydrothermal solu-

tions. Further evidence that the water necessary for these reactions

is seawater comes from hydrogen isotope analyses of amphiboles from

the MAR (Stakes and ONeil, 1978) and St. Paul s Rocks (Shepard and

Epstein, 1970) which suggest a seawater origin for these amphiboles

Seawater alteration of gabbroic rocks to amphiboles may be a per-

vasive feature of layer 3. Amphibole-rich gabbros have been reported

from several fracture scarps along the MAR (Cann, 1971), Palmer Ridge

in the Indian Ocean (Cann, 1969), St. Paul's Rocks (Melson et al.,

1972), the Indian Ocean Ridge System (Engel and Fisher, 1975) and the

Caynian Trough (Fox et al., 1978). Subareal mafic assemblages that

have been described as analogous to oceanic crust also contain abun-

dant amphibole-rich gabbros. Spooner and Fyfe (1973) describe inten-
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sive nietasoniatism producing monomineralic actinolite along dike margins

in the E. Liguria ophiolite. Mevel et al. (1978) describe similar am-

phibolitized gabbros in an Alpine ophiolite. Interaction of seawater

with gabbroic rocks may thus substantially affect the mineralogy and

chemistry of deep crustal rocks, if a simflar origin can be associated

with the other amphibolitized gabbros.

Volatile Transfer. Fresh basalts from the EPR (52 OR) show 'iaria-

tions in Ti and K that are not readily associated with differentiation

trends (Figures 8 and 9). Micraprobe analyses of fresh glassy margins

show the same variations in alkali content unrelated to expected

fractionation trends (Figure 9). Similar small scale variations in K,

Ti and H20 were noted for flank lavas in fresh basalt glasses from the

FAMOUS area (Bryan and Moore, 1977). They suggested that some type of

volatile transfer mechanism generated these chemical differences. This

mechanism may be further explained in terms of a small degree of al-

teration of the glass by hydrothermal solutions or by remelting of

older altered material. Table 4 lists chemical compositions of sam-

ples from this study including: a) fresh low-Ti basalt (1), b) fresh

high-Ti basalt (4), and c) two examples of alteration characteristic of

the saponite-palagonite breccias (3,4). The low-Ti basalt composition

is almost identical to the average EPR basalt composition (5) deter-

mined by Melson et al . (1976) in a survey of basaltic glass chemistries.

The low H20 content, low K20 and average 5102 contents characterize it

as a normal tholeiitic basalt. Composition 4" is enriched in K20 and

Ti02 and slightly depleted in Si02 compared to l". Variations in
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CaO, FeC and NgO are slight. Both "1" and "4" represent fresh glasses

with only minimal apparent alteration. In contrast, "2" and "3" are

the compositions of the oxidized interior and palagonitized exterior of

a saponite-palagonite breccia. The chemical dirferences between "1"

and "4' are encompassed by the chemical differences due to the altera-

tion of "2" and "3". Thus a melt of normal composition "1" could be

modified to that of composition U4I by a small amount of alteration

resulting in the same chemical changes as observed in the saponite-

palagonite breccias.

The flank lavas in the FAMOUS area appeared to be of considerably

younger age than the basement upon which they erupted (Bryan and Moore,

1977). This temporal relationship would allow for modification of a

melt by remelting of older altered material and the formation of the Ti

and K-enriched basalts could thus be explained by such modification

of a primary tholeiltic melt. Seawater alteration of the older glassy

rocks would produce saponite-palagonite rich pillows, depleted in Si

and Ca, and enriched in K and Ti. Remelting and incorporation of such

material would also result in a melt intermediate in composition like

"4" in Table 4. Alternatively, the enrichments in Fe, K, Ti, and H20

could be produced by the addition of hydrothermally mobilized late-

stage fluids into the melt, either directly or by remeitiny of late-

stage components from the altered holocrystalline rocks. Partial melt-

ing of gabbroic or metagabbroic rocks would preferentially extract the

low melting late-stage components. Consistent positive correlations

for Fe, Mn, K, Ti and Zn (Figure 7a,b) suggest that these elements may
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be the 'vo1atile components mobilized during such processes. The

silicate liquid modified by addition of these late-stage constituents

would appear either more differentiated than the original liquid, or

apparently derived by an intermixing of primitive and differentiated

liquids, depending upon the degree of melting. The variation in Ti

contents in the pillow basalts is similar to that in the altered holo-

crystalline rocks (Figure 8), suggesting that renielting of this

material could indeed result in the apparently more differentiated

basalts. This latter model would be an alterative explanation to the

'volatile transfer" model of Bryan and Moore (1977).

Different Sources. An alternative model for these chemical dif-

ferences in the holocrystalline rocks could be that they reflect mag-

mas from different sources contained in one dredge haul . One source

is typical LREE-depleted MOR8 which forms the diabases and low Fe and

Ti basalts, the other, a LREE-enriched source richer also in alkalis,

Fe, Ti, and P. Extensive fractionation could then explain the alka-

line composition of the amphibole-rich metagabbros as observed in

dredge 52 DR. This latter explanation would not explain the interre-

lationships between grain size, secondary minerals and chemical compo-

sition. One magma source which produces only dolerites and a second

source which produces only altered gabbros mixed in a single dredge

haul requires a rather complex distribution of intrusives and magma

conipositoi ns.

Moreover, the relationships between grain size, alteration and

composition are not limited to this one dredge haul. Shown in Figure



121

4 are two samples (labeled DM in the Figure) (52 OR) which were re-

covered from a second area on the EPR (DR 7011) 50 km from the other

samples described above. Although from a different area, the same

chemical and petrographic contrasts exist. The finer grained DB 1516

is lower in Fe and Ti than MGB 1011 and has a REE distribution similar

to all the other EPR dolerites. The metagabbro MOB 1011 is much higher

in Fe and Ti and is REE enriched, like MOB 1383. That such parallels

in mineralogy, chemistry and alteration could arise in both areas from

two magma sources is unlikely. A seawater redistribution of late-stage

components in a single melt is a more feasible explanation of these

similarities.

FORMATION OF MAR GREENSTONES AND EPR SAPONITE-PALAGONITE BRECCIAS

The cooling of intrusive dolerites and gabbros at temperatures

above 400C-500C by seawater can produce Fe and Mn-enriched seawater

hydrothermal solutions as the coarse-grained rocks are partially al-

tered to amphibole. In contrast, overlying pillow basalts are rapidly

cooled by direct contact with seawater, yet may be altered to green-

stones or saponite breccias. The post-cooling alteration of such

glassy rocks thus msut represent a reaction with heated seawater under

variable conditions.

Greenschist Metamorphism. Chemical changes associated with the

formation of the MAR greenstones have beer extensively discussed (Cann,

1969; Spooner and Fyfe, 1973; Humphris and Thompson, l978a,b). Core to

rim variations that would most closely reflect elemental exchanges with
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circulating fluids have been determined by Huniphris (1976) for samples

from several MAR dredge hauls. The major chemical changes associated

with the formation of the greenschist minerals is uptake of Mg and H20

and loss of Ca and Si. Concentrations of Fe and trace metals were

variable and losses 0f Fe and Mn could not be established for all the

sanipl es.

Reactions producing actinolite result in the loss of Fe from the

holocrystalline samples as discussed in the previous section. This

can also be established far glassy rocks altered to greenschist

minerals by examining those samples for shich mineralogy and chemi-

cal variations are available. A correlation between Fe depletion and

the abundance of actinolite is suggested by examining the relative

mineral percentages for the same samples Humphris (1977) used to

determine fluxes due to alteration. For all of the samples that show

a relative loss of Fe, actinolite is more abundant than chlorite; sam-

ples which gain Fe have chlorite greater than actinolite (Figure 10).

Although the samples analyzed for the present study were smaller in

number, the same trends are apparent. Samples having the least total

Fe and Mn are those which contain significant actinolite (GSB 2408

and AM 2526) and samples with abundant chlorite are also high in Fe

and Mn. An extreme example is GS 2405 containing chlorite, quartz and

little else, that also has the highest total Fe and ferrous Fe. Such a

correlation suggests that the formation of chlorite may be best associ-

ated with bulk Fe-enrichments perhaps due to reaction with an Fe-enriched

solution. Whether the actinolite-rich greenstones represent higher
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temperatures or variations in other chemical parameters is not apparent,

but these factors do appear significant in generating Fe and Mn-rich

solutions. In contrast, the chlorite may form either from reaction be-

tween glassy basalts and the metal enriched hydrothermal fluids or as a

precipitate from these solutions. This origin is similar to that pro-

posed for the saponite in the SPBs. Temperatures above 230°C would pro-

duce chlorite, lower temperatures saponite (Tornasson and Krisniannsdct-

tir, 1972).

Saponite-Palaaonite Breccias. Saponite which fills thick veins

in the saponite-palagonite breccias is enriched in Mg, Fe, and K

(Stakes and Scheidegger, 1978). The bulk chemistry of the SPBs sug-

gest that relative to the fresh basalt, this alteration produced en-

ri chments in these elements plus Na and Ti but with losses in Ca and

Si in the bulk rock. The saponite-palagonite breccias are enriched

rather than depleted in those components which would be removed by

hydrothermal alteration. These rocks thus cannot be a source of metals

to circulating solutions. Reactions of existing hydrothermal solutions

with glassy rocks at high water-rock ratios at temperatures below 200°C

(Stakes and O'Neil, 1978) could explain these chemical exchanges. Con-

sequently, although the alteration of these glassy rocks to saponite at

temperatures above 100°C apparently contributes Ca and Si and possibly

Mn to pore solutions, these reactions are not a source of Fe and other

trace metals. The formation of the saponite-rIch alteration provides

a mechanism for decreasing the Fe/Mn content of the solutions. The

saponite pelaonite breccias have a Fe/Mn ratio of75 compared to
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values of 50-56 for the other samples. Mn is not incorporated in the

smectites at low temperatures, while Fe is highly enriched. This strong

fractionation reflected in the change in the Fe/Mn ratio is the only

apparent mechanism to modify hydrothermal solutions to Mn-rich coinposi-

tions.

The chlorite-rich greenstones and the saponite-palagonite breccias

may correspond to similar origins at differing temperatures and water-

rock ratios. The high temperatures and low effective water-rock ratios

could form the chlorite, quartz, albite and epidote typical of the

greenschist facies, while the lower temperatures and higher water-rock

ratios could result in smectite-calcite assemblages of the saponite-

palagonite breccias. It is proposed that both represent secondary al-

terations of cold glassy basalts with Fe-enriched hydrothermal solu-

tions producing enrichments in Fe, Mg, and Ti and losses in Ca and Si

from bulk chemical compositions

GENERATION OF METAL-ENRICHED BASAL SEDIMENTS

An important objective of this study is to evaluate the factors

which may produce the metal enriched basal sediments. The previous

discussions have identified the high temperature removal of late-stage

fluids as the most likely source of Fe and Mn that compose metalliferous

sediments. Metalliferous basal sediments are characterized by high ac-

cumulation rates of Fe, Mn, Si and other trace metals (Leinen and

Stakes, 1978; Dymond et al., 1976) and a rather uniform Fe/Mn ratio -3.

The volume of rock that must be leached by seawater to account for the
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observed accumulation rates and thus the minimum depth of seawater

circulation, can be estimated based on observed Fe and Mn depletions

in the holocrystalline rocks. The model used to calculate this flux

is illustrated in Figure 11. Accumulation rates of Fe, Si and Mn have

been determined at three DSDP sites on the Nazca Plate (Dymond et al.,

1976). These rates are expressed in terms of mg/cm2!103 years. For

an average half-spreading rate for the EPR of 8 cm/year (Rea, 1977),

a segment of crust that is 8 x cm wide could be generated in 1O3

years. The rapid accumulation of elements associated with the rise

crest processes appears to persist for about 2 million years, after

which the rates are relatively constant and low. The total hydrother-

inal Fe, Mn and Si flux can be computed from an average accumulation

rate for this 2 m.y. time period. These values were approximated from

the accumulation rates calculated in Dymond et al . (1976) and are list-

ed in Figure 11. A unit section of crust is defined here as a square

8 x cm on a side and having an area of 6.4 x 1O7 cm2. The volume

of cr1st underlying thi5 square (to a depth of 200 ni) is 1.28 x 1012

cc, having a mass of 3.58 x ial2 gm basalt (p 2.8 gm/cc). The flux

calculation is independent of spreading rate as the mass of Fe, Mn,

Si overlying a unit volume of basalt is compared to the mass of these

constituents removed from the underlying basalt. The amount of Fe,

Mn or Si which could be removed if all of this basalt was uniformly

leached can be compared to the amount required to produce the sedi-

ments. The leached quantities listed in Figure 11 are determined from

the average depletions of the holocrystalline rocks compared to the
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fresh pillows. The results of these calculations show that if the

upper 200 rn were equally altered to the extent found in holocrystal-

line basalts, 3-6 x as much iron and more than 20 x as much Si would

be leached than is needed to produce that found in metalliferous sedi-

nents. Much of the Si that accumulates in the basal sediments may be

biogenic. The best estimate of Si/Fe in hydrothermal sediments is

0.15 (Dymond, pers. comm.), suggesting that there may be even greater

excess Si

In contrast, the loss of Mn due to these quench reactions is too

low (3-9 x) to account for the accumulation in basal sediments. M-

though these calculations are decidedly rough estimates, the Mn ac-

cumulation rates and leach fluxes could only agree if 100% of the un-

derlying basalt were leached to a depth of 550 meters during quenching.

Concentrations of Fe and Mn vary coherently for all samples (Figure 7)

suggesting that the same leaching reactions contribute both Fe and Mn

to solution, and that later reactions must modify solution chemistry

producing Fe/Mn 3. Precipitation of the excess Fe and Si as sniectite

vein minerals under reducing conditions or the formation of Fe-sulfides,

could subsequently modify the solution composition. Since there is no

stable Mn-bearing silicate phase at low temperatures, and as long as

the solutions remained reducing, Mn would be mobilized during these

later reactions. This model thus suggests that Fe is in high concen-

trations in hydrothermal solution only during early quench reactions,

while Mn may remain in significant concentrations as long as the solu-

tion Eh remains low. In addition, abundant Fe and Si are contributed
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to pore solutions to form Fe-rich clay minerals, a process that would

enhance the Mn/Fe ratio with time.

Mass Balance Calculation. 4ssuming that all the Mn in the metal-

liferous sediments is hydrothermal in origin, the flux calculations

indicate that 1) the crust must be uniformly leached to a depth of at

least 550 m to account for the observed Mn and 2) that this leaching

mobilizes significant quantities of Fe and Si that, combined with sea-

water Mg, can precipitate as smectite. In Table 5, I have calculated

the maximum amount of saponite that could be formed in this manner,

using the available excess Fe and Si (total mobilized less the amount

in the basal sediments) and an average saponite composition (Table 6).

The quantity of Mg that could be removed by the srnectite formation is

also indicated. The total amount of smectite that could be formed

varies from 6-12% of the basalt and thus is not an excessively large

amount. Yet when these fluxes are calculated on an annual basis by

assuming a rate of oceanic crust production, the uptake of Mg by these

reactions becomes quite significant. Approximately 40-80% of the Mg

input by rivers could be balanced by smectite formation in Layer II.

CONCLUSIONS

Pervasive basalt-seawater interations related to hydrothermal

circulation produce significant chemical variations in crustal racks.

Short-lived quench reactions contribute Fe, Si, Mn, K, Ti, REE and Hf

to hydrothermal solutions by removal of late stage fluids and altera-

tion of olivine phenocrysts to saponite. A small fraction of the Fe
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and Si and most of the Mn is carried to the seawater basalt interface

to form metal-enriched basal sediments. Reactions between the

seawater hydrothermal solutions and glassy pillow basalts

at lower temperatures in the greenschist (200°C-350°C) and smectite

(=zeolite; l5OC-2OO°C) facies removes Ca and Si from the rocks while

forming Fe arid Mg enriched minerals. At still lower temperatures, ex-

cess Fe, Mg, and Si precipitate as saponite in vesicles and fractures

as the metal-enriched hydrothermal solutions cool. These reactions

also decrease the Fe/Mn so that such 'agIng of the solution can pro-

duce a more Mn-rich, Fe-depleted solution which could precipitate the

manganiferous deposits described in some hydrothermal areas. Thus

short-lived quenching reactions -intially produce the Fe and Mn enriched

solutions, while the formation of saponite at low temperatures and high

water-rock ratios enhance the transport of the sediment.

Leaching by seawater of the Fe, Ti,LREE and alkali-enriched late

stage fluids can produce pods of alkaline, Fe, Ti-enriched metagabbro

in the central portions of dikes or thick flows that are altered to

apatite and actinolite with distinctive LREE enrichments. The intro-

duction of these late stage fluids or previously altered material to a

melt can also explain small scale heterogeneities in Ti, and K arid H20

observed both in these samples and in the FAMOUS area (Bryan and Moore,l977)

ttherrnal Circulation: The EPR vs. the MAR. Significant dif-

ferences in mineralogy and chemistry of altered rocks are apparent be-

tween the MAR and the EPR which may relate to variations in the pattern

of hydrothermal circulation. Comparison of the alteration mineralogies

immediately suggest that the EPR assemblages formed under a rock domi-
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nated system. In the seawater-dominated system, interstitial amphi-

boles in coarse-grained rocks provide evidence of high temperature

(>400°C) reactions between seawater and intrusive rocks. The Fe, Mn-

enriched solutions remain at typically low temperatures due either to

rapid mixing with normal seawater or very high flow rates. At such

low temperatures and high water-rock ratios saponite is the dominant

phase to precipitate from solutions. Glassy rocks are similarly re-

placed by sapanite at relatively low temperatures (>200°C; Stakes and

0Neil, 1978).

In the rock-dominated MAR complex, higher temperatures prevail,

the Mg is completely exhausted by chlorite formation, and quartz,

epidote and albite are precipitated in significant quantities Meta-

basalts of this mineralogy are quite abundant from fault scarps of

slow spreading ridges (Cann, 1969, 1971 ; Nelson et al . , 1968; Miyas-

hiro et al., 1971), suggesting that some tectonic control produced by

the deep axial faults characteristic of slow spreading ridges may be a

factor in producing a rock-dominated system. The formation of the

metabasalts suggests reheating of quenched basalts by seawater at

temperatures between 200-350°C, compared to the much lower temperatures

of seawater interaction that produces the saponite alteration of the

EPR rocks.

The observed distribution of srnectite-rich rocks (associated with

seawater-dominated regimes) compared to the greenstones (associated

with rock-dominated regimes) can suggest the relative importance of

these two types of alteration. The ubiquitous metal-enriched basal
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sediments of somewhat uniform chemical composition strongly argue for

little variability in hydrothermal solution chemistry and ultimately

water-rock ratios. In addition, rocks recovered frojrj the Atlantic

DSDP site 334 are quite similar to the suite of rocks described from

the EPR. The basal rocks from this site are metagabbro with dine-

pyroxene replaced by actinolite, strongly zoned calcic plagioclase

(An80-1n65), hornblende, vermiculite and chlorite (Helmstaedt and

Allen, 1977), This assemblage is almost identical to that observed in

the metagabbro from the EPR. Shallower glassy rocks show extensive

lower temperature alteration to smectites (Barager, 1977; Andrews,

1977). Moreover, no greenstones have been recovered by drilling in

either ocean. Although the limited number of drill sites which pene-

trate deep into basement make any conclusions decidedly biased, the

implication is that the alteration assemblages described for the EPR

seawater-dominated system may be associated with all spreading systems.

The greenstones in contrast may be related to the presence of deep

faults along slow-spreading ridges. Diffuse circulation in the permea-

ble pillow basalts of layer two would contrIbute to rapid mixing and a

seawater dominated system. The deep fractures of the MAR may allow

seawater to penetrate to hotter portions of the crust resulting in

higher temperatures of hydrothermal solutions, extensive interaction

between rock and water, and thus lower water-rock ratios for the frac-

ture controlled circulation. This results in the alteration of pillow

basalts to greenstones and amphibolites and perhaps even the penetra-

tion of seawater into the deeper layer three cumulates.
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I Ck%istry f h.1ociystal I 1!Ie rucks

1 2 3 4 5 6 7

S102 49.43 53.60 53.35 50.64 50.19 48.82 51.42

A1203 16.34 16.53 15.27 15.68 15.38 15.56 13.22
leO 596 6.93 5.69 3.65 5.43 5.61 1.16

1e203 2.59 1.1) 4.45 5.65 4.92 4.11 414
MgO 8.52 9.06 1.33 8.20 7.51 8.20 6.19
CeO 31.58 11.12 11.31 11.78 11.60 9.91 10.12

2.79 2.613 2.86 2.43 2.79 3.04 297
1(70 .03 .02 .07 0.18 0.19 0.18 0.13

JIO 1.14 1.07 1.65 1.13 1.36 2.05 2.70

8n07 0.18 0.18 0.21 0.11 0.22 0.22 0.24

820 0.65 0.61 L35 2.31 1.10 1.60 1.3)

99.09 102.31 101.54 101.84 100.79 00.33 101.22

Cu 80 ppm 76 65 98 63 45 68

81 150 173 82 93 88 141 80

75 71 76 53 5) 75 132

Br P.02 2.88 n.d.

Hf 2.00 3.54 n.d.

Co 44 44 .42

lks
.82 .91 nd.

1: 08 1509 2: 08 1514 3: 11611 1511 4: 00 1516 5: GIl 1508 6: 11611 1383 7: 8611 15)5
173-52 '(73-52 173-52 1)11 14-1011 Y73-52 '(13-52 011 14-1011

-
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Table 2 Comppsitions of representative MAR samples

(1) (2) (3) (4)

46.92 51.83 54.71 51.91

A1203 17.68 12.28 12.68 12.75

FeO 4.64 14.04 3.19 8.00

203 2.87 1.29 4.07 2.84

MgO 10.14 10.43 5.83 5.58

CaO 9.27 1.43 6.21 9.89

Ma20 2.22 0.67 4.97 2.12

K20 0.05 0.02 0,30 0.35

Ti02 0.57 1.27 2.14 1.73

Mn02 0.16 0.42 0.15 0.22

H20 4.14 5.35 2.20 1.05

98.65 99.44 96.60 96.90

Cu 571 58 16 50

Ni 273 77 48 92

Zn 58 245 53 107

(1) GSB24OS, greenstone breccia (ab-ep-act-chl)

(2) GS2405, greenstone (chl-qtz)

(3) AM2526, actinolite-rich amphibolite

(4) FPB2406, pillow basalt



Table 3 Mroprba an1yses of fresh aijO altered plagioclase

1 2 3 4 5 6 1

5102 50.51 65.96 50.45 59.52 53,06 14.35 &67
A303 30.78 20.10 30.60 23.51 30.65 13.97 .31
CaO 14.13 0.69 14.32 5.90 13.88 LaO .59

3.60 fl.14 350 1.69 3.63 8.42 .15
0.09 0.20 .01 .10 .013 1.94 54.24

Fe0 (3.63 0.20 .61 1.82 0.11 1.77 .15
1190 0.20 .21 .13 0.2(3 .l .03
Ti02 0.07 .02 .137 0.09 .14 .08
P205 0.02 .01 - 41.40

100.03 98.31 99.69 98./3 100.10 101.13 97.60

'T P,n 68.4 3.3 69.) 29.8 67.9 6.6
CM 10145 P8 IS 08.5013(5

Si 2.309 2.945 2,313 2101 2.328 3.204 .005
Al 1.651 1.058 1.649 1.261 1.647 ./10 .002
Ca .691 .033 .704 .287 .678 .050 .003
ha .319 .964 .312 .616 .321 .704 .001
1< .005 .011 .001 .006 .001 .106 .391
Fe .024 .008 .026 .069 .023 .064 .002
Mg .013 0 .060 .009 .013 .012 -

TI .002 0 0 .003 .003 .004
p .001 . 001 0 - - - .236

S.O1 .öi6 5.065 5.012 5013 .bl1/one oxen
I: Fresh plagloclase. MOB 1383; 5: Fresh plaolo'lase. 1468 1515
2: InterstItial euliedral albite, 14611 1383 6: Mtered rim ol plaqloclase quart and v-feldspar
3: Fresh plaqloclase, GB 1508 MOO 1515

4: A(hltied plagioclase. OIl 1508 1: Apatlte from rim of altered p1aqi.c1ase, MOB 1383

C)



Table 3 Mlcroprmhe analyses: augite, actinolite, plc,eonite. amphibole,

I 2 3 4 5 6 /

510.2 51.02 49.37 47.95 51.63 50.18 411.03 49.92 50,61

41703 2.30 3.86 3,46 2.37 1.33 3.71 2.15 1.31

F.0 14.55 1.67 13.01 6.29 16.71 10.85 1372 20.04

1490 14.90 14.96 12.47 16.23 12.32 13.13 11.82 12.99

CaO 15.63 21.04 19.60 20,43 17.60 20.47 20.04 J3,5

20 .333 .393 .62 .30 .044 .55 .44 0.22

.009 .03 .01 .01 .01 .02 .02 -

T0 1.14 1.55 1.68 0.80 1.01 0.61

98.80 98.94 98.80 100.10 99.75 99,07 99.29 99.22

CATIONS PER 3 OXYGEN

64 .962 .92) .924 .956 .964 .916 .957 .981

Al .053 .085 .019 .062 .030 .083 .048 .025

Fe .229 .12l .210 .128 .269 .113 .220 .326

hg .419 .419 .358 .448 .35] .3)4 .338 .3)5

t:a .316 .423 .406 .405 .364 .418 .432 .283

Na .011 .014 .019 .011 .1)16 .021 .016 .008

ii .016 .022 .024 .011 .001 .033 .01/ .009

2.004 2.013 2.021 2,012 2.012 2.019 2.009 2.006

Fe24Mg431a33 1e12Mq44Ca44 Fe22l1g37Ca42 Fe13M46Ca11 Fe27M36Ca37 te248g29Ca45 Fe23Mg35Ca42 1e3314g30Ca29

1: augte. 11GB 1515 6: auqite-actInoljte rtis, 14GB 1363

2: auglte Interior. MGLJ 1303 7: actinolite-iriterstitial laths, 14GB 1383
3: auOIte rim. 14GB 1383 8: auqite-altered rim, 11GB 1515

4: aujite. 68 1508 9: qilench aephibole, GB 1508

5: pyroxene-altered rIm, GB 15011 10: ,içjeonite-interstItla1 qiench, GO 1508

9 10

53.54 48.88

11.97 .784

1/.41 31.98

15.40 12.53

32.88 4.3
.38 .25

.01 .03

0.1/ .479

99.36 99.39

.981 .975

.022 .018

.277 .534

.431 .3)3
.263 .095

.014 .010

- .001

.011 .007

2.005 2.013

Fe28M45Ca27 1e53llg37Ca9

-a
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Table 4 Fresh and altered pillow basalt compositiQns.

(1) (2) (3) (4) (5)

302 50.52 48.94 45.08 48.60 50.31

A1203 14.77 15.02 14.47 15.50 14.95

FeO 10.15 9.84 12.27 9.86 10.71

MgU 7.67 6.70 12.14 8.00 7.36

CaO 10.35 10.90 2.04 10.42 11.73

Na20 2.77 2.94 3.23 2.31 2.60

(20 0.10 0.07 0.57 0.39 .11

1102 1.75 1.87 2.11 2.18 1.61

N1n02 0.24 0.24 0.20 0.22

0.44 3.40 11.49 0.78

99.26 99.72 103.51 98.76 99.38

Cu 63 125 71 150

98 64 100 62

Zn 90 112 104 95

(1) average of low K, low 11 fresh pillow basalts

(2) average o oxidized 5P8 interiors (pyrite in veins)

(3) average of SPB exteriors

(4) average of fresh high Ti, high K basalts

(5) average of EPR ba5alt, Melson and others (1975)
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Table 5. Mass balance based on metal accumulation rates (achemical
data from this study; bcheniical data from Corliss, 1971).

Depth (m)

(1) ym basalt

(2) excess Fe (gm)

(3) excess Si (gm)

(4) saponite (gm)
per gm basalt

(5) Mg uptake
per gm basalt

(6) m basalt/yr
(2.9 km2/yr new crust)

(7) Fe (moles/yr)

(8) Si (moles/yr)

(9) Mg (moles/yr)

(10) Mg (% river input)

550 1000

9.85 x 1012 1.8 x 1013

LBS x ,0lla 3.6 x
1011a

2.3 x
1011a x ba

1.2 x io12 2.3 x 1012
012 .13

1.2 x 1011 2.4 x
.013 .013

4.5 x 10' 8.1
15

x 10'

2000

3.6 x io13

3.6 1011b

2.3 io12
.06

2.4 x 1011

.007

1.6 x io16

8.4 x 1Q13 1.6 x 1014 1.6 x 1014

3.8 x i012 7.0 x 1012 7.5 x 1012

2.3 x 1012 4.1 x iol2 43 x 1012

4 2°' M'I 0f
10 .t.Q

(1) total mass 9f basalt to depth indicated underlying an area
of 6.4 x 1O cm2

(2),(3) Fe and Si mobilized by hydrothernial leaching, but not added
to basal sediments. This is presumed to be available for
the formation of smectite

(4) mass of saponite that could be produced from excess available
Fe

(5) mass of Mg taken up by smectite formation
(6) annual production of oceanic crust, assuming that 2.9 kni2/yr

are formed (Williams and von Herzen 1974)

(9),(10) annual uptake of Mg by smectite formation and percentage of
river input balanced by this process
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Table 6. Average saponite and celadonite compositions used for mass

balance ca1ca]ation. Saponite data from Stakes and

Scheidegger (1978); celadonite data from Andrews (1977).

Saponite (%) Celadonite (%)

Fe 15.5 23.3

Si 20.6 22.4

10.3 2.4

K 5.3
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Figure Captions

Figure 1. Map showing locations of sample dredge stations

Figure 2. Normalization plot showing chemical changes in the saponite-

palagonite breccias compared to an average fresh basalt

Figure 3. Normalization plot showing chemical changes in the

holocrystalline rocks compared to average fresh basalt

Figure 4 Chondrite-normalized REE values in the EPR dolerites

and gabbros

Figure 5. Chondrite normalized REE values for the MAR greenstones and

mineral separates

Figure 6. Chondrite normalized REE values for the saponite-palagonite

breccias and saporiite mineral separates

Figure 7. A. EPR holocrystalline samples, FeO vs Mn02

B; All EPR samples, Ti vs Zn

C: All MAR samples, T vs Zn

Figure 8. Concentrations of Mg versus Ti for all the EPR sample and the

presumed alteration mechanisms related to the chemical trends

Figure 9. Microprobe analyses of fresh glass from pillow margins, EPR

Figure 10. Relationship of relative abundance of actinolite and chlorite

and Fe depletions

Figure 11. Flux calculation based on metal accumulation rates
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CHEMICAL DIFFERENCES IN
SAPONITE-PALAGONITE PILLOWS
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LOST FROM BASALT:

This Study Corliss, 1971

Fe 1.5 - 2.0% 1.0%

Mn 0.038% 0.012%

Si 2.4%

(Fe/Mn) 39 - 53 83
1 eached

8 x ]0 cm

Ave. Accumulation Rate

Fe 90 mg/cm2/lO3yr

Mn 30 mg/cm2!] O3yr

23
Si 25 mg/cm /10 yr

200 iii

156

Total removed from 200 m column

3.6 - 7.2 x 1010 gm

4.3 - 14 x 108

8.6 x 1O m

Ave. spreading rate = 8 cm/yr

Volume 1.28 x 1012 cni3

Mass = 3.58 x io12 gin basalt

Total for 2 in.y.

lao x iü3 mg/cm2

60 x mg/cm2

50 x l0 mg/cm2

Total for Square

1.2 x lO

3.8 x lO gm

3.20 x l0 gm
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Appendix I. Sample Identification and Summary of Mineralogical Data
from Petrographic, Microprobe and XRO Analyses

The abbreviations used in the tables are as follows:
'Sample No." includes dredge number (Table Al-i)
and rock number

Sample Type:

SPB saponite-palagonite breccia
FPB fresh pillow basalt
DB diabase
GB gabbro
MGB metagabbro
AS weathered basalt
SP serpentinite
GS greenstone
GSB greenstone breccia
ON dunite
AM amphibolite
SAP saponite
PLAG plagioclase
EP epidote
CHL chlorite

Mineral Species are Denoted by the Abbreviations:

plag plagioclase
cpx clinopyroxene
ol olivine
sm smectite
cel celadonite
chi chlorite
sm-cel srnectite-celadonite interiayer
cal calcite
ab albite
ap apatite
ep epidote
qtz quartz
act actinolite

An X denotes presence or absence; ALT indicates that the phase is
altered; A means abundant; T means trace only.
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Table 1-U-i Dredge Locations

Dredge Position Depth

Y73-52 32°34S 3727 in

109019W

DM14-loll 33°0.5S 4280 in

109°30,5'W

Quiros Fracture Zone:

'(73-28 22°42,6S 4026 in

970l8.5W

MAR, Fracture Zone B:

AII-77-52 36°34.5'N 2286 in

33°31 'W

Kn42-146 36032N 2076 m

33°30'W

Kn42-131 360365'N 2240 in

33°29'W

Kn42-129 3636.5N 2222 in

33° 28 3' W
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TABLE AII-2 continued

I'el).o9ryI,y XVI) aol Ill ,probe

it' I I S 1 ('I soy C I I 01 Is s Vet V si le S ft it Pt
A,,110 Ilooter type Xlaeqn )'aq (p4 01 r'h !I!1 Inys FlUIngs Sm Ccl lIr ChI Cel Clay Cal Al, Op ii' 91u Alt

(6,,! 1160 16cm mo,,, Vs

'02393 01116(I VI'
11 0 (_I,ryp,,I I, I a, II

002334 VII 21 SI' 11 IVy
I V Clyo(ll' II,,di(e

042395 1111-31 sro 011 11 11 11 0 V 11 11 11
8 8

0112395 1111-35 1)11 I 8 0 11

VV23)17 All-SO 5)11 0(1 V V 8

()V219V All-I- VP V V V
V V ',,mn I

0117399 129-23 (0) V I V V 8 8

((024(10 129-IS 118 V V 8 V
V

0112401 131-Il 6511 ACt V I V V 8 1 V
x V

0024111 131-So It'll Vii V V

182401 116-6 DII V V V V 8 V
V V

(10240$ 116--'J (Sit All 8 V V V
I V

((02405 116 -III 05 VII 8 V 50 8 I
V

00211(6 116--Ill AX 0 11 V

60240/ 116-71 It'll At I 8 I
V

042400 146-75 OS V V I V V 11 0 8 1 0 8
V 1

61)24(19 146- VI 650 V A V 6 I V
V V

002110 46-92 0511 All V V V V V V I V V

0112111 146-00 65 VII V 8 V ii) V V A
V 8

((02412 116-06 (2)11 Al V V I V V V T V
V

1)02413 146-hi 101 8 V 8 V 0 A

V0?4I-1 ill 6 DII I A V '10

002526 131-IS VII 1 (VI I V
II A

(102602 2V-7 DV VII V

0126119 20-- S VII VII V

1112604 20-6 VII 01.1 V

01)021) 146-1011 00 I V I V 8

017505 52-31/ 501'
III ''4 a I c' f',, a It'

0)26(16 52-317 SAl'
Iitl,' a I ''C

012607 52-19 I'tO(;
Ill ,a',al sry,,,

002608 116-lA ir fl( ,p,,-,, I pa,

017509 146-10 CIII
Ml,,,', ,I

blackp
Sticky Note
Best scan available.  Original is blurry.
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Appendix 11: Chemical Analyses of Bulk Samples

Table All-I: Major Element Chemistry

Table AII-2: Minor and Trace Element Chemistry

Table AII-3: Rare Earth and Element Concentrations
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Icc No La Ce Nd Sm Eu Tb Yb Lu

0P1382 1.61 5.52 4.71 2.52 0.91 0.57 2,48 0.39

0P1383 7.74 20.79 14.27 4.07 1.28 0.82 2.55 0.46

0P1500 2.74 7.52 3.43 1.33 0.97 3.63 0.47

OP1SO1 2.88 7.72 3.57 1.57 0.89 3.67 0.52

0P1503 2.85 7.15 4.37 3.99 1.36 0.98 3.59 0.62

0P1504 3.10 11.92 7,46 3.54 1,24 0.78 3.37 0.48

0P1505 2.52 9.82 7.79 3.99 1.04 0.86 3.45 0.57

0P1508 1.47 4.12 - - 0.90 0.60 2.36 0.34

0P1511 1.58 5.55 7.59 3.00 1.10 0.75 3.14 0.42

0P1515 5.12 17.50 5.10 1.83 1.16 4,65 0.70

0P1516 1.01 4.80 4.38 1.84 0.76 0.44 2.21 0.32

0P2364 2.57 8.51 9,94 3,83 1.50 0.82 3.85 0.56

0P2378 2.11 9.94 5.82 3,44 1.22 0.86 3.36 0.47

0P2381 2.46 10.00 17.40 3.99 1.31 0.87 3.78 0.54

0P2386 7.64 13.42 18.05 4.97 1.44 0.91 4.80 0.73

0A2393 .08 .99 - - - - .02 .004

0A2394 .13 0.37 0.07 - - .02

0A2398 .07 - - .07 .04 .02 - -

0A2405 4.32 8.62 - 2.08 0.56 0.37 1.71 0.26

0A2409 4.70 12.33 8.39 2.82 0.81 0.63 2.51 0.42

0A2411 3.54 8.30 5.13 1.82 0.78 0.37 1.46 0.24

0A2412 1.05 - - 0.78 1.30 - 1.23 .19

OI2526 14.54 25.18 16.03 3.81 .88 .32 2.64 .41

0A2602 4.07 11.80 4.80 1.63 1.22 4.94 0.77

0P2605 .69 .82 - .55 .26 .12 .71 .10

0P2606 1.77 3.46 13.87 2.50 .69 .49 1.72 .25

0P2607 4.18 8.91 4.87 1.42 1.13 .25 .69 .10

0P2608 4,16 3.28 .61 .85 .49 .03 .39 .13

0P2609 8.58 16.00 14.04 2.87 1.65 0.53 2.34 .45
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Appendix III: Microprobe Analyses

Table AIII-1: Plagioclase Compositions

Table AIII-2: Pyroxerte and Olivine Compositions

Table AIII-3: Actinolite, Pigeonite, Apatite
Compositions
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4111-I: Microprobe Analysis of Fresh and Altered Plagioclase

Y73-52 1 MGB 1383 Fresh plagioclase
Average of two

2 MOB 1383 Interior of altered plagioclase

3 MGB 1383 Exterior of altered plagioclase

4 MGB 1383 Albitized rim of plagioclase
Euhedral crystal

5 MGB 1383 Interstitial euhedral albite

6 MGB 1383 Interior of fresh zoned plagioclase

7 MGB 1383 Exterior of zoned plagioclase

8 MGB 1383 Interior of altered plagioclase

9 MGB 1383 Rim of altered plagioclase

DM14-loll 10,11 MGB 1515 Fresh plagioclase

12 MOB 1515 Interior of altered plagioclase

13 MOB 1515 Rim of altered plagioclase

14 MGB 1515 Altered plagioclase interior

15 MOB 1515 Altered plagioclase exterior, quartz,
and K-feldspar

16 MOB 1515 Sodic plagioclase

17 MOB 1515 Altered rim of plagioclase quartz and
K-feldspar

18 MOB 1515 Altered rim of plagioclase

Y73-52 19 GB 1508 Fresh plagioclase, average of three

20 GB 1508 Etched plagioclase near olivine

21 GB 1508 Fresh plagioclase, average of two

22 GB 1508 Albitized plagioclase



Table AIII1: Microprobe Analyses Plagioclase Compositions

MGB 1383 Si02

A1203

CaO

Na 20

K20

FeO

MgO

Ti 02

P25

¼ An

Si

Al

Ca

Na

K

Fe

Mg

Ti

p
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1 2 3 4 5

50.57 49.03 54.94 63.94 65.98

30.78 31.52 27.31 23.27 20.10

14.13 14.76 10.72 4.09 0.69

3.60 3.10 4.95 8.74 11.14

0.09 0.05 0.15 0.55 0.20

0.63 0.49 0.70 0.35 0.20

0.20 0.12 0.12 0.05

0.07 0.05 0.09 0.04 -

0.02 - 0.01 - -

100.09 99.12 98.99 101.03 98.31

68.4 72.5 54.5 20.5 3.3

Cations per 8 oxygens

2.309 2.264 2.505 2.803 2.945

1.657 1.716 1.468 1.202 1.058

.691 .730 .524 .192 .033

.319 .277 .438 .744 .964

.005 .003 .009 .031 .011

.024 .019 .027 .013 .008

.013 .008 .008 .003 0

.002 .002 .003 .001 0

.001 .002 0 .003 .001

5.021 5.021 4.982 4.992 5.016
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Table AIII-l: Nicroprobe Analyses; Plagioclase Compositions

6 7 8 9

Inside Rim

MGB 1383 Si02 50.04 51.84 49.88 54.62

A1203 30.98 30.10 31.48 28.22

CaO 14.12 12.81 14.88 11.37

20 3.69 4.38 3.28 4.13

K20 0.06 0.11 .07 .09

FeO 0.62 0.94 0.62 .71

MgO 0.24 0.06 0.10 .09

Ti02 0.07 0.14 0.05 0.09

P2°5 0.08 0.005 .02 .03

99.79 100.38 100.39 99.28

% An 67.9 61.8 71.4 60.4

Cations per 8 oxygens

Si 2.294 2.356 2.275 2.480

Al 1.674 1.612 1.693 1.510

Ca .693 .624 0.727 .554

Na .328 .386 0.291 .363

K .004 .007 0.004 .005

Fe .024 .036 .024 .027

Mg .016 .004 .007 .006

Ti .002 .005 .002 .003

P 0 0 .001 .008

5.034 5.029 5.023 4.948
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Table AIII-1: Microprobe Analyses; Plagioclase Compositions

10 11 12 13

Inside Rim

MGB 1515 Si02 51.06 51.47 54.50 57.89

A1203 30.65 29.15 28.18 26.41

CaO 13.88 12.76 11.00 7.74

Na20 3.63 3.86 4.93 6.94

K20 .013 .025 .04 .08

FeQ 0.71 0.84 .91 .82

MgO 0.20 0.15 .18 .10

Ti02 0.09 .05 .11 .06

.10 - -

100.10 98.30 99.74 99.96

% An 67.9 64.6 44.8 38.1

Catioris per 8 oxygens

Si 2.328 2.385 2.472 2.598

Al 1.647 1.592 1.507 1.397

Ca .678 .633 .433 .372

Na .321 .347 .534 .604

K .001 .001 .002 .004

Fe .027 .032 .034 .031

Mg .013 .010 .012 .007

Ti .003 .002 .004 .002

P - .004 - -

5.013 4.998 4.994 5.011
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Table AIII-1: Microprobe Analysis; Plagioclase Compositions

14 15 16 17 18

MGB 1515 SiC2 53.14 81.88 57.89 74.35 62.60

A1203 27.69 9.65 26.41 13.97 23.96

CaO 10.85 1.26 7.74 1.08 5.31

Na20 5.20 4.01 6.94 8.42 8.76

K20 .05 .47 .08 1.94 .23

FeO .79 .46 .82 1.77 .54

MgO .12 .23 .10 .19 .01

Ti02 .08 .002 .06 .14 .02

.09 .12 - - .10

98.01 98.08 99.95 101,73 101.52

% An 53.5 14.8 38.1 6.6 25.1

Cations per 8 oxygens

Si 2.461 3.506 2.598 3.204 2.743

Al 1.512 .487 1.397 .710 1.238

Ca .539 .058 .372 .050 .249

Na .468 .334 .604 .704 .744

K .003 .026 .004 .106 .013

Fe .031 .016 .031 .064 .020

Mg .008 .015 .007 .012 .001

Ti .003 0 .002 .004 .001

P .003 .004 - - .004

5.020 4.437 5.011 4.854 5.011
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Table AIII-1: Microprobe Analyses; Plagioclase Compositions

GB 1508

19 20 21 22

SW2 50.45 57.74 49.57 59.52

A1203 30.50 26.38 32.12 23.57

CaO 14.32 8.41 15.54 5.90

Na20 3.50 6.57 3.01 7.69

K20 .01 .02 .01 .10

FeO .67 .738 .69 1.82

MgO .21 .113 .17 .13

fl02 .02 0.115 .03 .07

.01 - .03

99.69 100.05 101.17 98.73

% An 69.3 41.4 73.7 29.8

Catians per 8 oxygens

Si 2.313 2.589 2.248 2.701

Al 1.649 1.394 1.716 1.261

Ca .704 .404 .755 .287

Na .312 .571 .269 .676

K .001 .001 0 .006

Fe .026 .028 .026 .069

Mg .060 .008 .011 .009

Ti 0 .004 .001 .003

P 0 . 001 -

5.065 4.99 5.027 5.012
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Table AIII-2: Nicroprobe Analyses of Pyroxene and Olivine

DM14-1011 1 MGB 1515 Altered pyroxene; interirr

2 MGB 1515 Altered pyroxene; exterior (actinolite)

'(73-52 3 MGB 1383 Augite interior

4 MGB 1383 Altered, rim

5 MOB 1383 Augite

6 MGB 1383 Altered augite, interior

7 MOB 1383 Altered augite, rim

8 GB 1508 Augite

9 GB 1508 Augite

10 MOB 1383 Olivine

11 GB 1508 Olivine

12 GB 1508 Olivine, interior

13 GB 1508 Olivine, rim
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Table AIII-2: Pyroxene Compositions

1 2 3 4

Si02 51.02 50.07 49.89 48.75

A1203 2.30 1.83 3.89 4.03

FeO 14.55 16.13 9.20 8.44

MgO 14.90 15.18 14.25 14.75

CaO 15.63 13.85 20.64 20.43

Na20 .311 0.32 .46 .45

K20 .009 .01 - .006

Ti02 1,14 1.07 1.93 1.75

98.80 98.46 100.29 98.63

Catioris per 3 oxygens

Si .962 .962 .939 .922

Al .051 .041 .085 .090

Fe .229 .259 .143 .133

Mg .419 .435 .396 .416

Ca .316 .285 .412 .414

Na .011 .012 .017 .017

K - -

Ti .016 .015 .027 .025

2,004 2.009 2.009 2.016

Fe24Mg43Ca33 Fe25Mg44Ca29 Fe1 5Mg42Ca47 Fe1 9Mg34Ca47
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Table AIII-2: Pyroxene Compositions

5 6 7 8 9

Si02 47.75 49.37 47.95 50.49 51.63

Al 0,
2

3.50 3.86 3.46 2.58 2.37
FeO 12.64 7.67 13.01 8.08 8.29
MgO 12.00 14.96 12.47 15.74 16.23

CaO 20.82 21.04 19.68 20.14 20.43

Na20 .56 .393 .52 .32 .30

K20 .01 .01 .01 .01 .01

Ti02 1.69 1.55 1.68 0.83 0.80

99.01 98.94 98.80 98.19 100.10

Cations per 3 oxygen

Si .921 .927 .924 .953 .956

Al .080 .085 .079 .057 .052

Fe .204 .121 .210 .128 .128

Mg .345 .419 .358 .443 .448

Ca .430 .423 .406 .407 .405

Na .021 .014 .019 .012 .011

K - - - - -

Ii .024 .022 .024 .012 .011

2.025 2.013 2.021 2.012 2.012

Fe21Mg35Ca44 Fe22Mg37Ca42 Fe1 3Mg46Ca41

FegMg44Ca44 Fe1 3Mq45Ca42
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Table AIII-2: Olivine Compositions

10 11 12 13

Si02 39.06 37.68 39.12 38.60

A1203 .19 .30 .59 .22

FeO 16.48 24.93 18.20 22.20

MqO 44.37 36.33 41.65 38.76

CaO .32 .038 .40 .38

Na20 .06 .07 .04 .04

K20 - - .01 -

Ti02 .06 .04 - .07

100.53 99.71 100.06 100.22

% Fa 82.8 72.2 80.3 75.7

Cations per 4 oxygen

Si .984 .996 .996 1.000

Al .006 .009 .018 .007

Fe .347 .551 .388 .481

Mg 1.666 1.431 1.580 1.497

Ca .009 .011 .011 .011

Na .003 .003 .002 .002

K - - -

Ti .001 .001 - .001

3.014 3.001 2.995 2.998
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Table AIII-3: Microprobe Analyses of Minerals from Interstitial
Regions: Actinolite, Pigeonite, Apatite

Y73-52 1 GB 1508 Altered edge of pyroxene, actinolite

2 GB 1508 Quench amphibole

3 Gb 1508 Quench amphibole

4 GB 1508 Skeletal pigeorlite

5 GB 1508 Pigeonite

6 MGB 1383 Pigeonite rim on augite

7 MOB 1383 Actinolite rim on augite

8 MOB 1383 Actinolite, interstitial laths

9 MOB 1383 Actinolite, interstitial laths

DM14 10 MGB 1515 Altered rim on augite

Y73-52 11 MOB 1383 Apatite



Si02

A1203

FeO

MgO

CaO

Na20

K20

Ti 02

Si

Al

Fe

Mg

Ca

Na

K

Ti

P
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Table AIII-3:

1 2 3 4 5

50.18 51.54 50.49 48.88 48.69

1.33 0.97 1.70 .784 0.93

16.71 17.41 16.21 31.98 32.13

12.32 15.40 16.23 12.53 9.80

17,68 12.88 13.69 4.43 5.90

.044 .38 .40 .25 .27

.01 .01 - .03 .01

1.01 0.77 1.06 .479 .64

.07 - .04 .02 .07

99.75 99.36 99.81 99.39 98.43

Cations per 3 oxygen

.964 .981 .956 .975 .986

.030 .022 .038 .018 .022

.269 .277 .257 .534 .544

.353 .437 .458 .373 .296

.364 .263 .278 .095 .128

.016 .014 .015 .010 .011

- - - .001 -

.015 .011 .015 .007 .010

.001 - .001 - .001

2.012 2.005 2.017 2.013 1.997

Fe27Mg36Ca37 Fe26Mg46Ca23 Fe56Mg31 Ca1
3

Fe2aMg4sCa27 Fe53 M937Ca9



Si02

A1203

FeD

MgO

CaD

Na 20

K20

Tb2

25

Si

Al

Fe

Mg

Ca

Na

K

Ii

p

Table AIII-3:

5 7 8 9

49.00 48.01 49.92 49.51

1.02 3.71 2.15 2.03

33.55 10.85 13.72 13.22

14.00 13.13 11.82 11.94

.67 20.47 20.04 20.00

.04 .55 .44 .54

.02 .02 .02

.16 2.29 1.15 1.06

0.01 .04 .04 .02

98.47 99.07 99.29 98.34

Cations per one oxygen

.981 .916

.024 .083

.562 .173

.418 .374

.014 .418

.002 .021

.002 .033

- .001

2.004 2.019

Fe57t1g42Ca10

Fe24Mg29Ca46

.957 .958

.048 .046

.220 .214

.3.38 .344

.412 .415

.016 .020

.017 .015

.001 -

2.009 2.013

Fe23Mg35Ca43

Fe 22Mg3 5Ca45
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10

50.61

1.11

20.04

12.98

13.65

0.22

0.61

99.22

.981

.025

.325

.375

.283

.008

I,JT

2.006

Fe33Mg38Ca29
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Table AIII-3:

11

Si02 0.67

A1203 .31

FeO .59

MgO .15

GaO 54.24

Na20 .15

K20 .03

1102 .08

p25 41.40

97.60

Si .005

.002

Fe .003

Ng .001

Ca .391

Na .002

K -

Ti -

P .236

.641/one oxygen
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APPENDIX IV: ANALYTICAL METHODS
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APPENDIX IV

ANALYTICAL METHODS

A. X-ray Diffraction

Both bulk samples and clay separates were analyzed by XRD to iden-

tify alteration minerals. Bulk samples were ground under butanol for

one hour to produce a homogeneous powder. This powder was pressed into

a planchet and x-rayed from 30_7Q0 20 in steps of 0.2° 29. Each step

was counted for four seconds and the data coflected on magnetic tape

and reduced, smoothed and plotted via a prepared computer program.

Mineral phases present in quantities >5% were easily identifiable in

the resulting diffractograms. Mixtures of phyllosilicates were identi-

fied further by concentrating the <2p components from selected bulk

samples. This was accomplished by 1) wet-sieving the pulverized sample

to collect the 62p fraction, and 2) separating the <2j fraction by re-

peated settling and decantation. The clay concentrate was then Mg-

saturated and oriented onto pressed silver planchets by vacuum suction.

Duplicates of each slide were analyzed, one treated with glycerol, and

the second with ethylene glycol.

Heat treatments of clay minerals were used to further characterize

these species. Four replicates of K-saturated samples were prepared:

1) one dried at 110°C and equilibrated at 54% relative humidity, b) one

dried at 110°C then cooled in a desiccator, c) one heated to 300°C, and

d) the final one heated to 550°C. The relative collapse of the phyllo-
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silicate minerals after the heating is indicative of relative stability

and degree of interlaying.

B. Microprobe Analyses

Chemical compositions of individual phases were determined by

microprobe analyses, using the ARL microprobe at the University of

Oregon. (The microprobe was operated by R. Fletcher.) Polished thin

sections of three gabbros containing well-crystallized secondary phases

were selected and prepared. Photomosaics of areas of interest on each

slide were constructed, using reflected light microscopy, so that each

grain could be labeled and later identified. Standard University of

Oregon procedures were followed, using a 15 Ky beam focussed to a 5-

diameter. At least two points on each grain were analyzed, and large

grains were step-scanned to search for zoning or alteration effects.

The fine grain size and instability of the hydrous minerals (eg. apa-

tite) prevented such analyses on all but the largest grains.

A set of altered glasses was also analyzed by microprobe tech-

niques. The glass chips were suspended in an epoxy mount and one side

polished. Although only well-polished glassy surfaces were analyzed,

these still showed considerable alteration effects. The beam was de-

focussed to 50i.' diameter for these analyses, to preserve the more frag-

ile hydrated glasses and clay minerals and to obtain average bulk glass

compositions. Coarsely crystalline saponite replacements of olivine

were analyzed also using the 5O beam. These analyses were quite com-

parable to atomic absorption analyses on similar mineral phases. Such
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pseudomorphs and vesicle fillings provided the only monomineralic con-

centration of clay minerals suitable for microprobe analysis.

C. Stable Isotope Analyses

1) Mineral separations. Mineral phases, separated from the al-

tered rocks for isotopic analyses, include quartz, epidote, chlorite

actinolite, plagioclase, albite, pyroxene, chrysotile and calcite.

Parts of the samples containing large concentrations of a specific

mineral were removed, pulverized and sieved to isolate the different

size fractions. Magnetic mafic phases and nonmagnetic phases were

separated by passing each size fraction several times through a mag-

netic separator. Heavy liquids were used in conjunction with this mag-

netic separator to isolate plagioclase and epidote. Each sample was

inspected optically for purity. In addition the 15 mg sample for

oxygen isotopic analysis usually was hand-picked to prevent any can-

tarnination.

2) Oxygen isotopic analyses were performed following standard

techniques at the U.S.G.S. isotope laboratory at Menlo Park, California.

A 15 mg sample was lightly ground and placed in a reaction tube pre-

viously filled with dry N2 gas. The sample was reacted with BrF5 for

8-10 hours to liberate the 02 which is then converted to CO2 by passing the

gas through a graphite oven. The CO2 gas is collected and analyzed on a

dual collector mass spectrometer. Repeated analyses of a standard

(African Sand) were performed to insure accuracy of results. In addition

duplicate analyses of all samples were run until results agreed to
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within + Q,5°/.

Calcite samples were reacted with phosphoric acid and the CO2 col-

lected and analyzed similarly to silicate samples. No special separa-

tion techniques were required, because only the carbonate would react

with the acid to produce.0O2 gas. Carbon isotopes were determined on

these same samples.

Deuterium analyses were performed by J.R. 0Nei1. Water was re-

leased by induction heating to 1400°C, reduced to H2 gas by passing it

through a uranium furnace, and then collected for analysis.

D. Atomic Absorption Analyses

Atomic absorption spectroscopy was used to determine major and

minor bulk chemistry of all the samples. Samples were placed in Teflon-

lined bombs with a mixture of HF and aqua regia. The bombs were

tightened to make a leak-tight seal and heated in a 110°C oven for 1.5

to 2 hours until the samples were completely dissolved. Each sample

was then transferred to a polyethylene bottle where the excess HF was

neutralized with boric acid, which would otherwise attack the glass

flasks and pipettes.

Cesium chloride is added to the sample to act as an ionization sup-

pressant. The solution is then brought to volume in a 200 ml volumetric

flask and transferred back to the poly bottle. This dilution was used

for Cu, Ni, Zn and Ti analyses. A 2000 ml dilution was used for K, Si,

Al and Mn, while a 20,000 dilution was prepared for Ca, Mg, Fe and Na

analyses. Standard solutions were prepared of the appropriate dilution
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with a matrix of HF, aqua regia, boric acid and CsC1 identical to the

samples.

Standard samples were analyzed repeatedly and indicated no consis-

tent errors. Results usually varied 3-4% for all elements, but might

be as high as 5-10% for Ca and Ti and as low as 1% for Mg, Cu and Zn.

Duplicate runs were performed for the majority of samples, and most re-

sults agreed to within 5%.

Most errors encountered were random and attributable to instrument

instability or contamination (eg. Na in CsCl powder). The results of

standard samples analysis is given in Table AIV-1.

The solutions were analyzed by using Jarrell-Ash 82-820 MS with

data collected every three seconds on paper tape. This digital data

was reduced using a PDP-l5 computer, and subsequently converted from

BCD on the CDC-3300.

E. Instrumental Neutron Activation Analysis

Whole rock samples were analyzed for La, Ce, Sin, Cu, Tb, Yb, Lu,

Hf, Sc, Cr, Co and Nd after irradiation in the Oregon State University

Triga Mark II Research reactor. The general procedure of Gordon et al

(1968) was followed. The accuracy of the data is indicated by analyses

of USGS standards W-1, listed in Table All-i. Average errors estimated

from counting statistics are:

1-2% Co, Sc, Cr
2-5, Eu

5-10% Yb, Tb, Hf
10-15% Ce, Lu
>20% Nd
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Table API-I: Analyses of Stendard Rock Samples

1 2 3 4 5 6 7 8 9 10

Si02 54.19 52.06 52.13 53.74 53.00 52.64 55.97 55.88 53.17 55.52

A1203 14.84 14.87 14.99 15.19 15.38 15.00 16.95 18.38 17.10 16.50

FeO 9.90 9.88 9.84 9.80 9.82 9.98 6.82 7.27 6.88 6.57

MgO 6.49 6.52 6.57 6.52 6.55 6,52 3.41 3.93 3.35 3.34

CaD 10.71 10.69 10.78 10.72 11.55 10.96 1.13 1.28 1,11 1.36

Na20 2.20 2.19 2.20 2.20 2.18 2,15 1.56 1.75 1.50 1.50

K20 0.54 0.52 0.62 0.63 0.63 0.64 2,32 2.40 2.59 3.09

Ti02 1.15 1.14 1.20 1.19 1.18 1.07 0.95 0.97 0.96 0.98

Mn02 0.22 0.22 .21 .21 0.21 0.98 0.99 0.96 0.97

Total 100.33 98.19 98.54 100.20 100.50 99.06 90.09 92.85 87.62 90.23

Cu 122 119 119 115 123 110 327 324 n.a. n.a.

Ni 73 69 68 50 78 76 222 230 230 229

Zn 93 88 88 90 88 167 169 n.a. n.a.

Sc 32 33 35

Cr 114 110 114

Co 458 44.9 47

Ce 22.8 18.5 23

Nd 8.0 9.

Eu .87 .94 1.11

Tb .41 .33 0.55

Yb 1.59 2.32 2.10

Lu .17 .50 0.35

Hf 2.89 2.98 2.67

1-5 Analysis of W-1
6 Published data (Flana9an, 1969)

7-10 Laboratory standard
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F. Water Analyses

Water content was determined by using a Model 320 Dupont Moisture

Analyzer. Samples varying from 30-70 mg (depending on approximate water

content) were weighed into platinum boats that were previously dried

at 110°C and stored in a desiccator. These samples were quickly loaded

into the instrument and heated to 110°C for one hour to determine ad-

sorbed water, and then to 1000°C for 30 minutes to determine structural

water. Consistently low water contents on coarse-grained samples con-

taining amphibole and epidote suggest that this temperature was inade-

quate to remove the water from these phases. Background corrections

and accuracy of analyses was checked by repeated analysis of U.S.G.S.

Standard A98-3. These are given in Table AIV-2.

G. Ferrous Fe Determinations

Ferrous Fe was determined by a metavanadate/ ferrous amrnoniurn

sulphate titration. A sample size of 250 mg was used to acquire

better accuracy. The sample is dissolved in HF

overniqht at 60°C to minimize oxidation. Multiple analyses of U.S.G.S.

Standard DTS-.l are listed in Table AIV-3. Ferric Fe was calculated

from the total Fe determined by atomic absorption.



Table AIV-2: Results of Water Content Analysis for U.S.G.S. Standard
A98-3

H20 Total

Correct Value 0.44 2.41 2.85

0.66 2.13 2.79

2 0.43 2.24 2.67

3 0.62 2.33 2.95

4 0.62 2.23 2.85

5 0.46 2.39 2.85

6 0.65 2.42 3.08

7 0.45 2.31 2.76

8 0.59 2.29 2.88

9 0.45 2.41 2.86

Average 0.55 2.31 2.85

Std 0ev 0.10 0.10 0.12
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Table IV-3: Results of FeO Analysis for Standard Sanp1es

U.S.G.S. Standards: DTS-i

Correct Value 679

6.98

6.28

6.72

6.68

Avera9e 6.67

Std 0ev .29

% Error 'Jo




