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27. NATURAL PHASE EQUILIBRIA AND PETROLOGIC MODELS:
LAU BASIN SITES 834, 836, AND 839!

W.B. Bryan,” A. Ewart,? T.L. Grove,* and T.H. Pearce®

ABSTRACT

We use a combination of graphic projections for exploratory interpretation of natural phase equilibria and liquid lines of
descent. The data used are original shipboard X-ray fluorescence (XRF) analyses, supplemented by additional XRF analyses
completed on shore, microprobe analyses of minerals in key samples, and microprobe data for glasses. Good agreement exists in
the data groupings and trends between the projections used (CMAS, Al-Fe. and Pearce plots). The natural phase assemblages in
the rock samples are consistent in most cases with those predicted by the graphically projected phase boundaries and liquid lines
of descent, suggesting a major role for crystal-melt equilibria in the evolution of these rocks. This assumption is further tested
with materials balance calculations and by analogy to experimental phase equilibria studies on a sample from Hole 839B. Shifts
in graphic projections of inferred phase boundaries resemble those obtained experimentally at elevated pressure water-saturated,
as detailed elsewhere in this volume. Materials-balance calculations yield excellent fits for most major element oxides. This
provides strong support for inferred fractionation models, which imply “wet” equilibria for several subsets of the data. However,
trace element variations in some data subsets are difficult to equate with the models, based on major element data, and appear to
require heterogeneity in melt sources and/or in the trace element signatures of possible xenocrystal phases. It is also possible that
the distribution coefficients usually assumed for “dry” systems are significantly altered under the high water contents inferred for

these magmas.

INTRODUCTION

Lau Basin Sites 834, 836, and 839 each contain a range of
compositions, from basalt or basaltic andesite to variously evolved
andesitic rocks. This paper reports the results of exploratory interpre-
tation of possible petrogenetic relations within and between drill sites.
Specifically, we examine the extent to which these relations can be
explained by crystal-melt equilibria. Bulk-rock and natural glass com-
positions from these sites follow systematic trends in several graphic
analogs to phase diagrams that are highly suggestive of liquid lines
of descent controlled by crystal-melt equilibria. Subtle differences
between trends, and the offset of some trends from the typical 1-atm.
phase boundaries established for mid-ocean-ridge basalt (MORB)
and mafic island arc lavas suggests the possible influence of variations
in pressure and/or volatile content on phase equilibria in these backarc
lavas. An important role for volatiles, presumably largely water, is
also suggested by the very high vesicularity of these rocks, which in
some cases exceeds 30 vol% (Parson, Hawkins, Allan, et al., 1992).

In this paper we present additional bulk-rock X-ray fluorescence
(XRF) data and initial microprobe data on selected rock samples to
test more rigorously these possible relationships, originally suggested
by shipboard studies. We emphasize that these investigations are still
exploratory in nature, and that our results require further integration
with other trace element and isotope data.

DATA SOURCES AND LIMITATIONS

The 20 XRF analyses for major elements and selected trace
elements conducted at Woods Hole are presented in Tables 1 and 2.
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The methodology has been described by Schroeder et al. (1980). Our
standards and correction procedures are generally similar to those
used on shipboard (Sims and Hergt, this volume), so it is not surpris-
ing that the new analyses are very similar to shipboard analyses from
the same lithologic units. This further confirms the consistency be-
tween lithology and chemistry noted in the Initial Reports volume
(Parson, Hawkins, Allan, etal., 1992). These analyses were combined
with those completed on board the JOIDES Resolution and were
grouped and averaged by lithologic units. The correlations between
lithology and chemistry have also been confirmed by microprobe
analyses of natural rock glasses for those units for which glass was
available (Hergt and Nilsson, this volume). The Woods Hole and
shipboard XRF data have been used interchangeably for graphic
interpretation and materials balance calculations. The glass data, as
shown below, may plot in groups distinct from the bulk-rock data. In
such cases, the glasses are always more evolved in composition
(higher in SiO,, FeO, Na,O, and K,0) than the corresponding bulk
rock. This relation is not unexpected., as it has also been observed in
phyric MORB (Bryanetal., [981; Tormey etal., [987). This generally
precludes a direct comparison of XRF and glass data, although the
agreement is generally good for most aphyric units. However, mate-
rials balance calculations that use both XRF and glass data very
commonly show misfits for Na,O even where all other elements are
well matched, suggesting a possible systematic difference between
the XRF and microprobe Na,O data. Comparisons of glass to corre-
sponding aphyric rock also show that the XRF data are consistently
lower in Na,O than the glass.

Electron microprobe analyses of selected minerals (Table 3) were
conducted on the automated 4-spectrometer JEOL microprobe at the
Massachusetts Institute of Technology. Analytical conditions are de-
scribed by Gaetani et al. (this volume). We used backscatter images to
check for heterogeneity (usually slight) and, in most cases, did short
core-to-rim traverses to confirm the nature and extent of zoning in typi-
cal phenocrysts, xenocrysts, and microphenocrysts. The hindsight pro-
vided by subsequent materials-balance calculations suggests that the
“representative” samples selected for analysis did not quite cover the
range of phases and phase compositions likely to be involved in frac-
tionation schemes in this large and rather complex data set. We com-
ment on these cases at the appropriate point in the following discussions.
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Table 1. XRF major element data, Sites 834, 835, 836, 839, and 841.

Core section,
interval (cm) 8i0, Ti0, ALO; FeOT MnO MgO CaD Na0 K0 PO, Total
Unit 5:
135-834B-13R-1, 130-131 5005 1.1l 16.85 8.02 0.14 8.63 11.44 282 0.14 0a2 99.32
Unit 7:
135-834B-20R-1, 70-74 5054 132 17.66 7.83 0.13 683 1224 3.06 018 013 99.92
135-834B-22R-2, 24-28 5038 1.29 17.56 7.69 0.12 768 1198 285 0.06 0.13 99.74
135-834B-25R-1, 106-110  50.08 1.26 18.39 7.39 0.13 685 1293 279 0.14 013 10009
135-834B-30R-2, 128-132 4961 1.4 17.99 7.78 0.13 796 1215 2.82 009 013 99.91
135-834B-31R-2, 72-76 4965 124 17.92 7.72 0.13 800 12,13 219 0.08 0.13 99.78
135-834B-33R-2, 105-110 4945 1.23 17.94 770 0.14 8.01 11.70 287 009 013 99.26
135-834B-33R4, 129-133 4942 121 18.11 7.65 0.13 8.01 12.22 2.79 0.09 013 99.74
135-834B-34R-1, 76-80 4945 117 18.46 747 0.12 800  12.14 292 0.09 013 99.96
Unit 7 average 4982 1.4 18.00 7.65 0.13 767 12,19 2.86 0.10 013 99.80
Unit 1;
135-835B-5R-1, 22-26 5094 091 16.47 E.61 017 769 1292 2.10 030 010 10020
135-835B-7R-2, 75-84 51.65 084 16.21 826 0.13 8.19 12.65 2.14 013 008 10028
Unit | average 5130 087 16.34 843 0.15 794 1278 212 022 009 100.24
Unit 1:
135-836A-3H-3, 3343 3539 132 14.76 11.99 021 4.05 848 300 026 014 99,60
Unit 2:
135-836A-3H-4, 88-100 56.60 1.18 14.50 1132 026 337 8.18 N 029 014 99.42
Unit 4;
135-836A-9X-1, 138-143 4942 0.79 16.75 7.76 0.13 9.43 13.80 2.09 0.07 006 10028
Subunit 4B:
135-836B-5R-2, 65-74 49.12 0.96 15.68 827 0.14 978  13.80 186 0.06 006 99.53
Unit 1:
135-839A-25N-1, 52-58 51.93 0.6l 15.02 B.61 0.16 9.31 12.03 1.52 0.24 008 99.53
135-839B-14R-2, 1-8 5359  0.65 15.34 B4R 017 a.18 1186 1.57 028 008 10019
135-839B-15R-3, 72-76 5235 0.63 15.05 R.E3 0.17 946 1156 1.47 024 007 99.83
Unit | average 5262 064 15.14 8.63 017 898 11.82 1.52 025 008 99.85
Unit 3:
135-839B-24R-1, 14-19 4960 052 11.45 898 016 17.58  9.68 1.34 029 007 99.66
Subunit 3C:
135-841B8-54R-2, 142-146 7631 0.34 12.43 3.38 0.03 1.81 1.32 3.85 068 006 10019

Table 2, Trace elements by X-ray fluorescence analysis for Sites 834, 835, 836, 839, and 841.

Core, section,
interval (cm) Zr Y Sr Rb Zn Cu Ni Cr Co Ba v

135-834B-

13R-1, 130-138 86 256 161 21 62 75 106 189 48 46 225

33R-2, 105-110 97 261 136 1.7 57 65 100 264 46 14 208

20R-1, 70-74 97 287 159 32 65 69 115 295 42 8 224

22R-2,24-28 98 292 146 1.6 62 635 112 269 46 13 208

25R-1, 106-110 96 279 161 26 64 67 121 309 42 13 210

30R-2, 128-132 101 271 159 1.5 58 63 9% 274 43 9 203

31R-2. 72-76 98 271 154 1.4 57, 62 102 290 44 11 205

33R-4, 129-133 98 267 154 1.3 56 63 103 248 43 7 188

34R-1, 76-80 97 258 158 1.4 56 61 99 262 44 6 186
135-835B-

5R-1,22-26 4 240 134 62 72 84 79 165 48 20 270

TR-2, 75-84 43 236 131 2.7 76 78 79 121 49 46 246
135-836A-

3H-3,33-43 73 34.0 147 59 97 110 21 10 49 58 422

3H-4, 88-100 i 359 147 6.8 96 124 2 8 46 85 367

5R-2, 65-74 41 195 137 1.7 62 110 107 213 49 2 239

9X-1, 138-143 44 19.8 142 1.8 53 99 124 308 51 2 248
135-839A-

25N-1, 52-58 28 168 147 6.6 69 82 126 636 44 47 M2
135-839B-

14R-2, 1-8 28 172 156 104 59 89 101 313 42 60 284

15R-3, 72-76 25 153 152 53 60 75 137 368 46 62 298

24R-1, 14-19 32 147 120 68 67 76 477 1696 65 6 228
135-841B-

54R-2, 142-146 148 53.2 72 7.0 27 25 7 7 13 342 33

MINERALOGY

Our immediate objective has been to document variations in natural
phase compositions for comparison to experimental phase assem-
blages (Gaetani et al, this volume); to support studies of plagioclase
zoning; and to provide the basic data needed to test simple fractionation
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models. Plagioclase and olivine analyses from Hole 834B are pre-
sented and discussed by Bryan and Pearce (this volume); here, we
summarize and interpret these and additional data that we obtained
from Holes 836A and 839B. We will emphasize compositional fea-
tures that have been taken into account in formulating the model
fractionation assemblages discussed later in this paper. To facilitate



comparison of compositions both within and between individual
crystals, we have graphed compositional variation for each crystal in
sequence from core to rim, using an arbitrary horizontal scale.

Plagioclase

Some typical plagioclase composition profiles are shown in Fig-
ure |, complete analyses are presented in Table 3 as well as in Tables |
and 2 of Bryan and Pearce (this volume). Grain B1 is from an andesitic
rock (135-836A-9X-1, 138-143 ¢m, Unit 4) and is a rim-core-rim
profile across a small microphenocryst. Grains C1 and D1 are from a
Unit 2 andesite in Sample 135-839B-35R-1, 57-59 ¢m. Grains E1 and
F1 are also from Hole 839B, but they are from Sample 135-839B-
18R-1, 18-23 cm, within a Unit 2 andesite. Notable features are the
much higher anorthite content and more limited zoning to sodic com-
positions in the two Hole 839B units, in comparison with Hole 836A.

Also of interest is the behavior of Fe and Mg relative to anorthite.
Bryan (1974) showed that FeO and MgO in calcic MORB plagioclase
generally increase with albite content, in part because they apparently
occupy an albite-like structure in the crystal. But in Hole 836A, MgO
(and Mg#) are positively correlated with anorthite, whereas FeO
varies relatively little. In the two Hole 839B andesites, both MgO and
FeO show the expected strong negative correlation with anorthite,
although little change takes place in the Mg#. This suggests that the
plagioclase in the Hole 836A andesite coprecipitated with a phase
such as olivine, which was depleting the melt in MgO, and also that
there may have been concurrent iron depletion caused by crystal-
lization of an Fe-bearing oxide. In contrast, the Hole 839B plagio-
clases crystallized in an environment in which the magmatic Mg# and
total MgO and FeO contents changed relatively little. This is an effect
that might be expected during crystallization at or near an olivine-
pyroxene reaction point, where Fe and Mg are redistributed among
new phases but little immediate change occurs in the overall Mg/Fe
ratio in the magma.

Pyroxenes

Many of the clinopyroxenes in these rocks show wavy, irregular
extinction and some are sector zoned. As a result, few show simple
core-rim profiles, and many grains are too small for extended trav-
erses. Electron microprobe analyses are given in Table 3. In Figure 2,
we compare some typical clinopyroxenes from four different litho-
logic units, as indicated. Ca, Mg, and Fe are expressed as ternary
end-members in molar percent to facilitate classification. Cores of all
grains are high-Ca and close to the boundary between endiopside and
augite; in this they are similar to the clinopyroxenes produced in “wet”
experiments (Gaetani et al., this volume). Grain A in Hole 836A was
large enough for a rim-core-rim traverse; it also proved to be sector-
zoned, which accounts for the peculiar symmetrical sawtooth pattern
of most components, In Hole 839B, the clinopyroxenes in the two
andesite units are very similar and appear to be quite uniform in com-
position except for the more Fe-rich outer zones, as in Grain C; this
suggests a relatively prolonged period of equilibration with the melt
before quenching. Clinopyroxenes from the more primitive Unit 3 are
much more variable in both major and minor elements, as might be
expected if they had been exposed either to varying melt compositions
or fluctuating physical conditions during growth. This could be a
result of magma mixing and may account for difficulties, discussed
later, in reconciling trace element data with a simple cumulate model
for Unit 3.

All of the analyzed orthopyroxenes (Table 3) are from andesite
Units 2 and 9 in Hole 839B (Fig. 3). These small grains are each
represented by 3-5 point analyses; these are not core-to-rim profiles
as in the clinopyroxenes, but the plots do allow comparison of var-
iation within and between grains. For the most part, a similar range
of compositions is present in both units, but the A1203 in the Unit 2
orthopyroxene is significantly higher.

NATURAL PHASE EQUILIBRIA AND PETROLOGIC MODELS

Olivine

Olivines in Hole 836A, Unit 4, occur as discrete rounded grains
about 0.4 mm in diameter, which, like the many small plagioclase
laths, may be ophitically enclosed by clinopyroxene. Electron micro-
probe analyses are given in Table 3. A core-rim profile of one of these
is Grain A in Figure 4A. In our sample from Hole 839B, Unit 3, two
contrasting olivine morphologies were present. One consists of large,
rounded grains with an irregular outline that are commonly fractured
and appear to be in the process of breaking up. These large crystals
may contain kink bands and inclusions of red-brown spinel. It is
tempting to think of them as mantle xenocrysts. The second type of
olivine consists of irregular, often angular groundmass grains sur-
rounded by a cryptocrystalline matrix. Backscatter images with the
microprobe did not indicate any substantial zoning in the large crys-
tals, nor much difference between these and the groundmass olivine.
To check this, we analyzed several points within a large “xenocryst”
(Grain B) and one or two points each on different angular groundmass
olivines (Grains C—G). These analyses confirm the general similarity
between the olivines: and this, along with the breccia-like groundmass
texture, suggests that Unit 3 may be, in part, a preexisting cumulate
unit that has been broken and deformed. The minor element compo-
nents in these olivines are apparently not as variable as in the clinopy-
roxenes; this may be caused by the fact that the clinopyroxenes are
not fragments but appear to be true magmatic precipitates; therefore,
their compositions could reflect inhomogeneous distribution of ele-
ments such as Ni and Cr derived by assimilation of the disintegrating
cumulate assemblage.

The olivines in Hole 834B, Unit 7 (Fig. 4B) were analyzed in part
to help confirm the apparent subtle change in magma composition
from the top to the bottom of Unit 7 (Bryan and Pearce, Table 3, this
volume). A small increase is present in Fo, and a slight decrease in
Ca0, consistent with the bulk chemical changes in the unit. The
change in NiO is more ambiguous, although it is clearly higher in the
lowest grain (U) compared with the uppermost one (P).

COMPARISON OF GRAPHIC PROJECTIONS
Projections in CMAS

In the CMAS (CaO-MgO-Al,0,-Si0,) projection from plagioclase
(Fig. 5), bulk-rock samples and their corresponding glasses are
grouped and plotted according to their phenocryst phase assemblages
observed in thin section. The solid phase boundaries shown are based
on l-atm. crystallization experiments on MORB (Walker et al., 1979;
Grove and Bryan, 1983; Grove and Kinzler, 1986). It shows the liquid
line of descent, or cotectic boundary, in this projection for samples
multiply saturated in olivine and clinopyroxene; plagioclase saturation
also is assumed. Olivine is replaced by low-Ca pyroxene at the reaction
point indicated by the bifurcation of the line toward the Qtz (silica)
apex. The offset dashed lines show schematically the direction of shift
of the phase boundaries with increasing pressure; a similar shift is also
produced as water content of the melt increases. At about 2 Kbar and
6% H,0 olivine is first replaced by very calcic clinopyroxene, which
is later joined by orthopyroxene (Gaetani et al., this volume). At Site
834, for which we have the largest number of samples, most of the data
define a linear band close to and paralleling the olivine-clinopyroxene
phase boundary (Fig. 5A). The clinopyroxene-phyric samples most
closely conform to the 1-atm. boundary; the more primitive samples
(largely Units 7 and 5) are olivine-plagioclase phyric and are offset
toward the olivine-clinopyroxene join. The implied undersaturation in
silica is mostly because all the Fe has been calculated as FeO, so that
all the Fe appears as silicate rather than partly as oxide. The most
evolved samples are the glasses associated with the andesitic lavas of
Units 10 and 12. These are offset toward the high pressure side of the
1-atm. boundary. As discussed in more detail by Gaetani et al. (this
volume), such a shift can be produced by increased pressure, by
increased water content, or by these two effects combined. Except for
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Table 3. Electron microprobe analyses of plagioclase, clinopyroxene, orthopyroxene, olivine, and spinel, Holes
836A and 839B.

Mineral  Grain  Si0, ALO; FeOT MnO MgO CaO Na,0 K,0 Toml  An

Sample 135-836A-9X-1, 138-143 c¢m, Unit 4:
PLAG 1 Al 4998 3138 052 000 023 1525 288 0.02 10026 745
PLAG 1 Al 5003 3116 062 000 018 1515 298 0.02 100,15 737
Average 5001 3127 057 000 020 1520 293 002 10020 7441

PLAG2 Bl 6402 2363 056 000 003 587 822 010 10243 439
PLAG2 Bl 6211 2403 059 000 007 657 759 008 101.04 487
PLAG2 Bl 4988 3182 061 000 020 1559 279 000 10090 86.0
PLAG2 Bl 4974 3166 062 000 021 1526 2.8 001 10037 B854
PLAG2 Bl 5035 3132 059 000 020 1509 307 001 10064 844
PLAG2 Bl 5357 2889 083 000 011 1218 438 003 9998 754
PLAG2 Bl 61.63 2405 061 000 003 614 775 009 10029 46.5
Average: 5590 2791 063 000 012 109 524 005 10081 672

Sample 135-839B-18R-1, 18-23 cm, Unit 2:
PLAG3 El 4735 3313 065 000 016 1693 165 004 9991 0918
PLAG3 El 4636 3390 069 000 011 1770 125 001 10001 939
PLAG3 El 4570 3402 062 000 009 1849 111 0.00 100.04 94.8
PLAG3 El 4580 3391 066 000 010 1811 L12 001 99.72  94.6
PLAG3 El 4922 3083 079 000 017 1550 262 003 99.16  86.6
Average 46.89 3316 068 000 013 1735 155 002 99.77 924

PLAG4 F1 4557 3427 067 000 011 1848 104 001 10015 95.1
PLAG4 F1 4545 3422 061 000 0.1 1848 103 000 9990 952
PLAG4 F1 4617 3389 069 000 0.3 1783 118 000 9990 943
PLAG4 F1 4590 3429 065 000 0.1 1812 1.05 000 10013 950
FLAG4 F1 5287 2890 112 000 016 1274 4.11 000 995 774
Average: 4719 3312 075 000 043 1713 168 000 10000 914

Sample 135-839B-35R-1, 57-59 cm, Unit 9:
PLAG 1 Cl 4565 3368 068 000 013 1816 1.08 0.02 99.39 948
PLAG 1 Cl 4594 3385 057 000 013 1827 1.07 0.00 99.83 95.0
PLAG 1 Cl 4555 3404 073 000 012 1797 101 0.00 9943  95.1
PLAG 1 Cl 4649 3367 074 000 015 1780 1.39 0.01 10026 934
PLAG 1 Cl 49.61 3121 094 000 021 1539 266 0.02 10004 B64
Average 4665 3329 073 000 015 1752 144 0.01 99.79 929

PLAG2Z DI 4564 3385 065 000 011 1794 1.07 000 9926 948
PLAG2 DI 4572 3383 068 000 011 1848 1.01 0.01 99.85 953
PLAG2 DI 4616 3371 077 000 013 1830 115 000 10023 94.6
PLAG2 DI 4537 3420 072 000 010 1833 1.03 000 9975 951
PLAG2 DI 4558 3440 060 000 0.0 1826 097 000 9991 954
PLAG2 DI 4945 3124 113 000 023 1544 256 003 10007 869
Average 4632 3354 076 000 013 1779 130 00 99.84 93.7

Mineral Grain  §i0, TiO, ALO; Cr20, FeOT MnO MgO CaO Nas,0 Towl Ca Mg Fe

Sample 135-836A-9X-1, 138-143 cm, Unit 4:
50 57 0.68

CPYX 1 A 366 000 730 021 1623 2085 023 99712 423 453 119
CPYX 1 A 5230 037 327 019 498 0.5 1710 2198 019 10053 442 478 8.0
CPYX 1 A 5225 040 346 011 512 004 1677 22.14 021 10059 447 471 8.3
CPYX 1 A 5183 042 328 014 501 014 1690 2188 0.7 99.76 443 476 8.1
CPYX 1 A 5216 030 267 102 399 0.4 1721 2240 017 10006 452 483 6.5
CPYX 1 A 5350 025 199 043 410 017 17.65 2212 0.17 10038 442  49.1 6.7
CPYX 1 A 5241 043 341 017 521 019 17.08 21.57 020 10077 434 481 8.5
CPYX 1 A 5140 036 396 149 403 009 1666 2223 0.19 10040 457 477 6.6
CPYX 1 A 5271 023 256 087 397 010 1744 2195 020 10003 444 491 b.

CPYX 1 A 5237 035 301 041 449 012 1706 2240 016 10047 450 477 72
CPYX 1 A 5227 035 338 066 428 012 1697 2222 016 10041 451 47.9 7.0
CPYX 1 A 5199 051 355 003 577 014 1638 2214 021 10072 447 460 9.3
CPYX 1 A 4906 112 284 000 1560 045 1154 1890 032 99.92 398 338 264
Average 5192 044 316 042 568 0.17 1655 2175 020 10029 441 46.6 9.3

Sample 135-839B-18R-1, 18-23 cm, Unit 2:

CPYX 3 B 5273 032 176 0.6 801 022 1722 2003 015 10059 397 475 128
CPYX 3 B 5253 029 1.68 0.4 800 022 1756 1972 0.17 10031 390 483 127
CPYX 3 B 5253 032 180 0.7 823 026 17.62 1931 017 10041 383 486 13.1
CPYX 3 B 5219 037 211 013 816 024 17.10 1990 0.6 10035 396 473 131
CPYX 3 B 51.27 049 280 0.2 909 028 1677 19.19 0.5 100,15 385 468 147

Average 5225 036 203 014 830 024 1725 1963 016 10036 390 477 133

CPYX 4 [ 5234 034 1.8 013 794 017 17.18 1990 0.13 99.97 39.7 477 126

CPYX 4 C 5230 039 224 016 829 023 1689 1992 014 10055 398 469 133

CPYX 4 C 5223 039 231 012 836 019 1697 1963 015 10034 393 473 134

CPYX 4 C 5194 035 221 013 835 021 17.04 1969 015 10007 393 473 133

CPYX4 C 5119 051 248 006 1283 035 1696 1513 012 99.63 309 481 210

Average 5200 040 222 012 915 023 17.001 1885 0.4 100.11 378 475 147
Sample 135 839B-25R-1, ?8-41 cm, Unit 3:

YX E 5400 0.6 1.69 054 514 021 1903 1979 010 10065 392 52.5 8.3
CPYX l E 5420 0.8 1.64 037 546 020 1936 1906 008 10056 378 534 8.8
CPYX 1 E 51.69 033 357 101 519 004 17.00 21.23 014 10031 433 48.2 8.5
CPYX 1 E 51.74 039 380 071 564 020 1693 2108 010 10060 429 479 9.3
CPYX 1 E 5198 024 342 127 480 020 1719 2153 015 10079 436 48.5 79

Average 5272 026 283 078 525 019 1790 2054 0.1 10058 414 50.1 8.5

CPYX 2 F 51,19 043 411 LI0 554 014 1670 2091 016 10029 43.1 47.8 9.1
CPYX 2 F 4997 081 6.6 009 679 017 1518 2167 015 10098 449 438 113
CPYX 2 F 5341 018 199 033 602 017 1943 1892 007 10052 373 532 95
CPYX 2 F 5384 045 165 037 581 017 1952 1883 011 10045 372 536 92
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Table 3 (continued).
Mineral ~ Grain  Si0, TiO, AlLO; Cr20; FeOT MnO MgO CaO Na,0O  Total Ca Mg Fe

CPYX?2 F SLIS D50 454 102 546 0.6 1647 2097 018 10045 434 475 9.1
Average 5191 041 369 058 593 016 1746 2026 013 10054 412 492 97

Sample 135-839B-35R-1, 57-59 cm, Unit 9:
CPYX 1 i 5243 029 1.75 043 772 025 1761 1958 Q.15 99.90 389 487 124
CPYX 1 J 5249 033 216 021 736 024 1708 2024 (15 10036 404 477 118
CPYX 1 ] 5119 046 348 016 849 025 1631 2006 017 10057 405 458 138

Average 5204 036 246 016 7.85 025 17.03 1996 016 10028 399 474 127
CPYX 2 K 5238 034 194 013 773 024 17.16 1980 014 99.84 397 478 125
CPYX 2 K 5243 033 191 015 768 0.17 1693 2048 016 10023 408 469 122
CPYX 2 K 5256 030 181 017 771 021 17.03 2029 016 10025 404 472 123
CPYX2 K 5221 034 212 015 799 011 1689 2018 017 99.95 405 471 124
CPYX2 K 5200 035 213 017 783 020 1682 2065 0.5 10028 410 465 12.5

Average 5232 033 198 015 775 018 1697 2028 015 10011 40.5 47:1 124
Sample 135-839B-18R-1, 18-23 ¢cm, Unit 2:

OPYXS5S B 5287 031 263 007 1571 034 2625 229 004 10052 45 7.1 244
OPYX5 B 5319 031 248 008 1551 031 2609 222 003 10022 44 713 243
OPYX5 B 5306 030 210 006 1628 036 2625 199 000 10038 3.9 709 252
Average 5304 031 240 007 1584 034 2620 217 002 10037 42 7.1 246
OPYX6 D 5417 021 131 009 1479 035 2785 200 000 10077 38 737 225
OPYX6 D 5466 021 124 008 1432 032 2833 191 002 10108 36 747 217
OPYX6 D 5414 026 1.84 010 1486 036 27.79 210 004 10148 4.0 734 226
Average 5432 023 146 009 1466 035 2799 200 002 10111 38 739 223

Sample 135-839B-35R-1, 57-59 cm, Unit 9:
1 024 134

OPYX 1 G 54.69 0.14 1442 036 2838 178 002 10137 34 748 219

OPYX 1 G 5500 020 090 010 1413 040 2850 180 0.00 10112 34 75.1 21.5
OPYX 1 G 5510 015 083 008 (414 032 2859 174 003 10098 33 753 214
OPYX 1 G 5496 018 077 008 1403 037 2849 192 0.02 10081 3.6 751 213

Average 5496 019 096 0.0 1418 0:35 28.49 l:Bl 0.02 10107 34 751 215

OPYX2 H 5479 022 1.03 007 1434 032 2843 183 000 101.02 3.5 756 209
OPYX2 H 3517 024 102 011 1427 031 2839 181 0.00 10133 34 749 216
OPYX2 H 5531 016 073 010 1391 (.33 2887 1.84 003 10128 35 756 209
OPYX2 H 5561 0.8 077 012 1362 032 2897 192 002 10152 3.6 759 205
Average 5522 020 089 010 1404 032 2867 1.85 001 10129 35 753 212
OPYX 3 1 5429 023 124 014 1447 033 2839 180 000 100.89 34 747 219

OPYX 3 I 5421 028 148 043 1534 039 2679 229 003 10094 4.4 719 237

OPYX 3 | 5553 0.9 090 006 1383 036 2891 1.86 002 101.66 35 75.7 208
Average 5468 023 121 011 1455 036 2803 198 002 10117 kR 741 221
OPYX 4 L 5307 026 152 0.3 1563 034 2653 238 003 99.88 4.6 713 24.1
OPYX 4 L 5404 029 137 008 1542 035 27.09 235 0.02 10103 4.5 720 235
OPYX 4 L 5468 022 116 008 1454 034 2827 1.80 002 10111 34 745 220
OPYX 4 L 5459 018 126 009 1425 036 2844 175 000 10091 33 750 216
OPYX4 L 5490 0.8 1.00 0.10 1343 032 2898 186 0.06 100.84 35 762 203
Average 5425 023 126 010 1465 034 2786 203 003 10075 3.9 738 223

Mineral Grain  Si0, Ti0, ALO; Cr,0; FeOT MnO MgO CaO  NiO  Total Fo

Sample 135-836A-9X-1, 138-143 cm, Unit 4:

OLV2 A 40.44 000 006 005 1328 018 4604 035 016 100.56 855
OLV2 A 4059 0.00 007 003 1365 027 4652 038 0.8 101.68 852
OLV 2 A 4052 001 007 000 1362 023 4576 035 012 10069  85.1
OLV 2 A 4023 000 003 000 1468 029 4518 035 017 10093  84.0
OLV 2 A 3929  0.00 002 005 2042 031 4115 031 0.13  101.68 777
OLv2 A 3549 007 007 007 3993 077 2464 036 005 10146 516

Average 3943 001 005 0:03 19.26 034 4155 035 0.13 10117 786

Sample 135-839B-25R-1, 3841 cm, Unit 3:
OLV 1 B 4124 000 003 004 1008 016 4923 020 024 10121 893
OLV 1 B 41.15 000 003 006 996 016 49.04 021 026 100.87 894
OLV 1 B 41.19 000 003 007 964 020 4940 021 0.25 101.00 897
Average 4119 000 003 006 989 018 4922 021 025 101.03 895

OLV 2 C 4151 0.00 000 002 963 015 4947 010 033 10106 899

OLV3 D 4105 000 003 004 1219 022 4750 026 015 10145 869
OLV 3 D 4162 000 003 005 1071 013 4966 023 022 10266 888
Average 4134 000 003 005 1145 018 4858 025 019 10206 879

OLV4 E 4138 000 002 005 941 018 4934 021 024 10083 899
OLVS F 4109 000 004 007 1087 012 4855 023 022 10118 885
OLVG6 G 4076 000 004 005 (173 0.8 4768 027 018 10089 874
Mineral Grain SiO, TiO2 ALO;, Cr,0; FeOT MnO MgO CaO NiO Toal Mgh Cr#

Sample 135-839B-25R-1, 3841 cm, Unit 3:
SPINEL z 0.06 042 11.06 5495 20.06 027 1386 002 0.14  100.84 55.2 76.9
SPINEL Z 004 039 1055 55.63 2002 025 1388 000 010 10085 553 780
Average 0.05 0.41 10.81 5529 20,04 026 1387 00 0.12  100.85 552 774

Notes: Mineral and grain labels are mnemonic identifiers keyed to the data base; mineral designators are specific to each sample (i.e.,
PLAG = plagioclase, CPYX = clinopyroxene, OPYX = orthopyroxene, OLV = olivine, and SPINEL = spinel), whereas grain
designators are global. An (anorthite), Ca, Mg, Fe, Fo (forsterite), Mg#, and Cr# are in molecular percent.
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Figure 1. Comparison of plagioclase compositions in selected samples from Holes 836A (Grain B1); 839B, Unit 9 (Grains Cl and D1); and 839B, Unit 2 (Grains E1 and F1). Sequential
profiles across grains are normalized to an arbitrary horizontal scale. Grain B1 is a sequential profile from rim to rim across a small microphenocryst; the others are core-to-rim profiles
of phenocrysts.
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that group, a close correspondence exists between the plotted positions
of glasses and bulk rocks, consistent with the aphyric nature of most
of the samples. The exceptions are several moderately plagioclase-oli-
vine phyric samples from Unit 7, which show the greatest offset from
the glasses. Sites 835 and 836 (Fig. 5B) also show a trend that mimics
the 1-atm. phase boundary even more closely, consistent with the
predominance of clinopyroxene-phyric samples at these sites.
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The greatest departure from the projected phase boundary is
shown by the olivine-rich samples from Hole 839B. Units 3 and 6
(Fig. 5C). These bulk-rock samples are distinctly offset toward the
olivine apex. consistent with the high content of phenocrystic olivine
observed in these samples in thin section. In CMAS, as in other
popular graphic projections, these samples appear to lie on an olivine
control line. The glasses from these units plot well away from the bulk



100

90 — B X 4 & ¢ x
80 —

70 —

Forsterite

60 —

50 rrrrrrrrryrrTiyTrrrrrrrrrrrrrrry

0.50

0.40 —
0.30 — &

0.20 —

x
N oA v

caO

E=3)

0.10 — b4

0'00 rTrrrrTrrTrTrrrrrrvrrrrrrrrrrrororrora

0.50

0.40 —

0.30 —

NiO

E23 A

— v
0.20 1 j %

0.10 —

0.00 Tl rTrrrrrvyrrrTrTreryrTerrrryTrTrerea

A B (o} D E F G
Grain

NATURAL PHASE EQUILIBRIA AND PETROLOGIC MODELS

100

::_-oeee%ocmam%a"ﬂw

70 —

Forsterite

50 T T T T T T T T T T T T T T T T T T T T
0.50
0.40

o.sa—z MD CEEE) >§< 'H‘t-f &&a i

0.20 —

Ca0

0.10 —

oooo TT T T T TV T 7T P T T I TR rTrrrrrrrrrrTrrTrTTTd

0.50
0.40 —
0.30 —

o e 2

0.10 —

NiO

o'oa TTTYTTTI VT T I T T R R e Tt T I I rrTvirrveetd

P Q R S T U
Grain
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from top to bottom of Unit 7. Profiles are normalized to an arbitrary horizontal scale as in previous figures. See text for further discussion.

rocks and lie directly on the “dry™ 1-atm. phase boundary, where they
also are apparently close to saturation in low-Ca pyroxene. Bulk-rock
compositions from Hole 839B, Unit 1, form a cluster to the left of
these glasses; this, along with the presence of clinopyroxene phe-
nocrysts, suggests that Unit 1 melts have equilibrated either at higher
dry pressure or have higher water contents. The remaining samples,
mostly from Units 5, 7, and 9 in Hole 839B, but including several
evolved samples from Site 836, include orthopyroxene among their
phenocrysts and appropriately plot beyond the olivine-orthopyroxene
reaction point. Again, the offset to the left suggests equilibration at
elevated pressure and/or water content, and is similar to the evolved
glasses from Site 834.

As another check on the correspondence between natural rock data
and the experimental phase boundaries, we have plotted orthopy-
roxene-phyric samples from the modern Tonga Arc volcanoes in
Figure SD. These include dacites, which plot as they should, well up
toward the silica apex. All but three points lie above the projected
position of the olivine-orthopyroxene reaction point, consistent with
their natural phase assemblages.

In the CMAS projection from silica (Fig. 6), some other aspects
of the data are revealed. In general, samples on the multiply saturated
phase boundary will plot as a tight cluster in this projection, since it
is looking almost directly along the liquid line of descent. The data
from Site 834 (Fig. 6A) show a suggestion of a “control line” pro-

jected away from the central cluster toward the plagioclase apex: these
are plagioclase-phyric samples which may contain cumulate pheno-
crysts or xenocrysts. The evolved glasses are again offset from the
main group away from clinopyroxene; this projection shows that they
also are shifted toward plagioclase, an effect consistent with equili-
bration at increased water content (Gaetani et al., this volume). All
Site 834 data are offset in this direction relative to Sites 835 and 836.
Figure 6B shows the plotted positions of the olivine-clinopyroxene
phyric samples (mostly from Hole 839B) and the orthopyroxene-
phyric evolved samples from Site 836 and Hole 839B. The apparent
Hole 839B olivine control line is emphasized in this projection, which
suggests that it even affects the bulk composition of Unit | samples
just below and to the left of the cluster of glasses in the center of the
diagram. This is the same cluster of glasses that lies at the I-atm. dry,
olivine-orthopyroxene reaction point in Figure 5C. This effectively
locates the projection of that point in this diagram and places it within
the cluster of data from Sites 835 and 836. Figure 6C is included to
show the details of the data for Sites 835 and 836, and illustrates well
the way the elongated array of points in Figure 5B is compressed to
an ovoid cluster in this projection.

Data from the modern Tonga Arc are also plotted in Figure 6B; they
display an apparent plagioclase control line, a feature not previously
recognized, which to the best of our knowledge is not a consequence
of strong plagioclase accumulation in these moderately to sparsely
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Figure 5. CMAS projection from plagioclase for glass and whole-rock data from all sites. Curved solid lines are the projected positions of the 1-atm. dry, multiply
saturated phase boundaries, or cotectics, along which all liquid compositions will move in response to crystallization of olivine or orthopyroxene, clinopyroxene,
and plagioclase. The dashed lines show schematically the expected direction of shift of these boundaries with increasing pressure: a specific pressure is not implied.
Point coding distinguishes between rock and glass, and indicates the nature of the phase assemblages observed in thin section in these samples. Modern Tonga

data are from Ewart et al. (1973). See text for further discussion.

phyric rocks. It does encompass most of the range of variation in the
Lau Basin sites, with the exception of the olivine-enriched samples.
This elongation lies in the general direction of the expected “trajec-
tory™ of the projected equilibrium liquid line of descent with increas-
ing pressure and water saturation, and implies a possible role for these
effects in the evolution of the island lavas.

Covariances in Al#-Fe#

Reid et al. (1989) showed that orthogonal plots of the Al-number
vs. the Fe-number produced the same data groupings and trends as the
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CMAS projection from plagioclase; furthermore. this projection has
the added advantage that analytical errors. especially for silica and
soda, have less effect on the plotted positions of points. In these
projections, olivine plots near the upper left corner of the diagram, and
clinopyroxene plots toward the lower left corner. As in the CMAS
projection from plagioclase, plagioclase saturation is assumed. This
diagram therefore is very sensitive to variations in the relative propor-
tions of olivine relative to clinopyroxene that may be crystallizing, and
it has been useful in deducing phase relations in MORB. We have taken
advantage of the relative simplicity of this diagram to illustrate in more
detail the relation of data from Sites 834, 836, and 839 to the inferred
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Figure 6. Projection from Qtz (silica) in the CMAS system for glass and whole-rock data from all sites. Point coding is used as in Figure
5 to distinguish glass, rock, and different phase assemblages. In this projection, the multiply saturated phase boundary plots essentially

as a point and is not shown. See text for further discussion.

I-atm. phase boundary, and also to show the relative positions of glass
vs. bulk-rock data and of individual lithologic units within the total
data distributions. For each site, the upper diagram shows the data
subdivided into glass and whole rock, and the trace of the 1-atm. dry
cotectic boundary based on laboratory experiments on MORB. Lim-
ited experimental data at higher pressures (Grove et al., 1990) indicate
that at 5-8 Kbar, the phase boundary (cotectic) moves up in this
diagram by the amount of about +0.1 Al# unit. This is analogous to,
and consistent with, the shift away from clinopyroxene toward olivine
in the CMAS projection.

Figure 7A shows the rock and glass groupings for Site 834, with
the corresponding classification into lithologic units in Figure 7B. For
simplification, lithologic units with very similar compositions have
been grouped together. The Unit 7 glass and bulk rocks plot as two
distinct groups, with the glass offset from the rock toward the phase
boundary, a relation consistent with a small amount of late-stage,
low-pressure olivine (and plagioclase) crystallization. This stage may

be represented by the narrow zones observed on Unit 7 phenocrysts,
as discussed by Bryan and Pearce (this volume). There is a close
approach to the cotectic among glasses and bulk rocks of more inter-
mediate composition (Units 1, 2, 4, 5, 6, 8. 9, and 13). The andesitic
Units 10 and 12 again are offset to the olivine side of the cotectic (cf.
Fig. 5A).

The Site 836 data show a similar but simpler pattern (Figs. 8A and
8B). Units 3 and 4 and Subunits 4A and 4B appear to follow a trend
dominated by olivine; the few glasses available for these units all plot
in a slightly more evolved position almost on the cotectic and a little
to the right of the bulk-rock data, suggesting that they are already
affected by a small amount of clinopyroxene crystallization. For the
most evolved, andesitic samples, a close correspondence exists be-
tween the glass and bulk-rock data, and again a small offset of these
compositions into the olivine field is present.

The olivine control line is clearly displayed in the data for Site 839
(Fig. 9). The Unit 1 bulk-rock data appear to be colinear with the Unit 3
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Figure 7. Al-Fe plots for all glass and whole-rock data from Site 834, computed according to method of Reid
et al. (1989). A. Data coded to distinguish bulk rock and glass data; diamonds show trace of the 1-atm. dry
olivine-pyroxene phase boundary. The olivine field is above, and clinopyroxene field is below, this boundary.
B. Data coded to distinguish major lithologic units. Units of similar composition have been grouped together

for clarity.

glass and Unit 3 bulk-rock data; a possible interpretation is that Unit |
has been partitioned into these two units by olivine and clinopyroxene
crystallization, with subsequent physical separation of a portion of
this magma into liquid (glass) and cumulate (bulk-rock) components.
The orthopyroxene-phyric andesites (Units 2, 5, 7, and 9) plot simi-
larly to the andesitic rocks from Site 834. Except for the Unit 3 glass,
none of the data lie close to the 1-atm. phase boundary. As noted in
the discussion of the CMAS projection, this, and the presence of clino-
pyroxene phenocrysts in Unit 1, suggests a higher pressure paragene-
sis for all samples from Site 839.
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Pearce Plots

Renewed interest has occurred in the use of Pearce plots for
exploratory interpretation of crystal melt equilibria, largely because
of the resolution of some concerns about their statistical validity
(Pearce, 1987), and the promotion of the method by Stanley and
Russell (1989a, 1989b) who have provided a relatively simple soft-
ware package to facilitate creation of the plots. The method assumes
that the data in question are derived from a common magma batch
and are related by crystallization of specific crystals, assumptions
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Figure 8. Al-Fe plots for all glass and whole-rock data from Site 836, with data coded as in Figure 7.

common to the other plots as well. A choice of variables is possible,
depending on the mineral vectors one wishes to test.

For this study, we have chosen an ordinate that is sensitive to
olivine and to a Ca-bearing phase. either clinopyroxene or calcic pla-
gioclase. The abscissa responds very differently to clinopyroxene or
plagioclase, however; as a result. crystallization only of mafic phases
moves compositions down and to the left, whereas crystallization of
plagioclase will move compositions down and to the right. Thus, this
diagram is complementary to the Al-Fe projection and to the CMAS
projection from plagioclase. In the plots, we have shown only the
bulk-rock data, and units are not point coded; however, the approxi-
mate “centers of gravity” of the major units are indicated by labels
for Sites 834 (Fig. 10A) and 839 (Fig. 10C).

These plots show more clearly than those presented earlier that
substantial differences may be present in the role of plagioclase in

fractionation between the different sites, and between specific units
within sites. There is a suggestion in the Site 834 data of possibly two
different groups, each following parallel paths dominated by plagio-
clase fractionation to yield the evolved Units 10 and 12. At Site 836
(Fig. 10B), a similar paragenesis is implied. Perhaps most striking is
the suggestion for Site 839 of mafic-dominated fractionation, with
plagioclase playing only a minor role even in the evolution of the most
evolved magmas. In the combined plot (Fig. 10D), the distinct differ-
ences both in the probable parental magmas and in their inferred liquid
lines of descent are also clearly evident.

MATERIALS BALANCE CALCULATIONS

Chemical differences between inferred parental and residual mag-
mas, or the chemical compositions of inferred mixes of any combi-
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Figure 9. Al-Fe plots for all glass and rock data from Site 839, with data coded as in Figure 7.
nation of crystals and liquids, can be quantitatively tested using conceptual criteria, such as their consistency with trace element data
materials balance calculations, which compare the best calculated and indications from laboratory crystallization experiments.
combination of real liquid and crystal compositions to the observed At Site 839, the bulk composition of Unit 3 rocks appears to be a
composition of the supposed parent or mixed magma (Bryan, 1986). consequence of the accumulation of observed mafic phenocryst phases
We have tested several such relations suggested by the graphic plots of olivine, clinopyroxene, and spinel. The near colinearity of Unit 3

discussed above. Acceptable solutions, in which the calculated and rocks, Unit 1 rocks, and Unit 3 glass suggests that either of the latter
observed compositions all are well matched, will have sums of two could represent the liquid component of the mix. Because of
squared residuals generally <0.10. For the relations tested here, most obvious variations in individual rock samples within Unit 3, we have
sums of squares are <0.05 and many are <0.02. These latter misfits selected three individual samples to test as possible mixes of liquid and
approach those expected from internal binary rounding errors alone, crystals. Mixes calculated using the average of the Unit 1 bulk rocks
and they are among the best we have ever obtained for such calcula- and the average of the Unit 3 glasses yield excellent fits for most
tions. Thus, they are entirely consistent with the indications of the elements, with the notable exception of Na,O and K,0, which do not
graphic plots, and their credibility must be judged on more subjective show the extent of “dilution™ that would be expected from the amount
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of compositional change resulting from crystallization of the phase or phases indicated. D, Combined plot showing relative positions of data from each site.
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of alkali-free mafic phases required to satisfy the other elements. This
problem extends to the trace elements, which as noted in the original
shipboard studies, also do not change as would be expected. In all
three of the Unit 3 bulk rocks, Zr and Y are almost invariant and are
higher in concentration by several parts per million (ppm) than in the
Unit 1 bulk-rock average, which should have been diluted by the
addition of mafic phases with very low concentrations of these ele-
ments. Only a little comfort can be taken from the fact that Ni does
show the greatest increase in Sample 135-839B-24R-1, which re-
quires the largest amount of olivine. But this sample also has the high-
est concentration of Cr, although it is Sample 135-839B-20R-1 that
appears to have had the highest concentration of spinel and clinopy-
roxene added. Solutions using the Unit 3 glass as the liquid end mem-
ber fare better (Table 4), as the higher alkali contents in the glass result
in better overall fits,

The Unit | bulk-rock can be modeled as another member of the
cumulate sequence, with the average Unit 3 glass again as the liquid
end member. The fits in an initial calculation were excellent, with the
exception of Na,0, so the calculation was repeated, but with Na,O in
the glass reduced to 1.50 from 1.90. The result of this calculation is
given in Table 5. which shows that the fits are excellent for all
elements including soda. as indicated by the very low sum of squares
of residuals (Sum R?). We cannot pursue this matter further without
definitive trace element data for the Unit 3 glass. As we have shown,
most of the major element data do support the idea that Units 3 and |
all are part of a common cumulate series, but alkalis and some of the
key trace elements fail to conform neatly to this simple relationship.

The andesitic lavas at Site 839 all can be related to the average
Unit I bulk-rock as parent, using observed phenocrysts from a Unit 9
sample. All solutions yield fits with sums of squares 0.02 or less (Table
6). Asimplied in the Pearce plots, plagioclase plays a subordinate role,
making up less than half the crystal phase assemblage. All require
somewhat less than 50% crystallization, and the enrichment of Y, Zr,
and Ce in the andesites relative to Unit | is that expected for elements
with very small partition coefficients. The observed depletion in Ni
can be accomplished with bulk partition coefficients of 3—4 for the
combined clino- and orthopyroxene assemblage, numbers which are
reasonable. The Cr depletion can easily be achieved with a clinopy-
roxene partition coefficient of about 6, also well within the accepted
range of values observed, for example, for the chemically similar
modern Tonga Arc lavas (Ewart et al., 1973). The clinopyroxene is
relatively calcic, as is the plagioclase, and spinel is a small but
essential part of the crystal assemblage, characteristics that are con-
sistent with crystallization at relatively high water content and 1.5-2.0
Kbar pressure (Gaetani et al.. this volume). However, the experiments
also showed that orthopyroxene crystallization is delayed under these
conditions, although it is expected to replace olivine as crystallization
continues. The experiments did not go beyond 35% crystallization. It
is very likely that “olivine out” occurs at about 40% crystallization,
and that the assemblage we observe in these rocks reequilibrated to
an orthopyroxene-bearing assemblage. This is consistent with the
FeO and MgO behavior in plagioclase, as discussed earlier. Olivine
rimmed by orthopyroxene does appear in a thin section of one of the
Unit 1 rocks (Gaetani et al., this volume). Another possibility is that
“olivine out” was triggered by loss of water as the magma approached

Table 4. Best-fit estimates of three Hole 834B Unit 3 bulk rocks.

Calculated weight fractions

Fitto Glass Olivine  Clinopyroxene  Spinel  Sum &?
135-834B-
24R-1 0.6972 0.2374 0.0607 0.0092 0.0075
20R-1 0.7298 0.1625 0.0985 0.0365 0.0703
19R-1 0.7644 0.1468 0.0845 0.0184  0.0519

Notes: Data represents mix of Unit 3 glass and minerals. Sum R? = sum of squared
residuals for major element oxides.

Table 5. Best-fit estimates of Hole 839B Unit 1 bulk-rock
average as a mix of Unit 3 glass and minerals.

Calculated weight fractions
Fitto Glass Olivine Clinopyroxene Spinel Sum R*

Unit1 09423 0.0531

0.0184 0.0000 0.0146

Note: Glass Na,O has been reduced as described in the text.

eruption at the seafloor. For further discussion of andesite fractiona-
tion at Site 839, see Gaetani et al. (this volume).

Fractionation follows very different paths at Sites 834 and 836. As
suggested by the graphic constructions, at Site 834 plagioclase con-
stitutes half or more of the crystallizing assemblage required to yield
the Unit 10 and 12 andesitic rocks from Unit 5, which was selected
as the bulk-rock parent (Table 7). The best plagioclase composition
for these solutions is about Angs, although the clinopyroxene is still
very calcic. The depletion in Al;O, and enrichment in iron and silica
are characteristics of fractionation at low pressure, dry (Gaetani et al.,
this volume). Unit 5 appears to be an equally good choice of parent
for both Units 10 and 12, so the difference in fractionation paths in
the Pearce plots may reflect the significantly higher proportion of pla-
gioclase required in the Unit 12 solution. Some caution is suggested
by trace element enrichments; although Unit 12 is more evolved than
Unit 10, it is not proportionately more enriched in Y, Zr, and Ce. More
analyses of the Site 834 phase assemblages may help to clarify the
details of these fractionation paths and the associated differences in
trace element enrichments.

Andesites at Site 836 can be derived from Subunit 4A using the
same phase assemblage. except magnetite yields better solutions than
spinel (Table 8). Small magnetite octahedra are present in many of
these rocks, but none were suitable for analysis in the Unit 4 rock
selected for study. A magnetite from Late Island in the Tonga Arc
(Ewart et al.. 1973) was used in the calculation. Although the major
element fits are acceptable, the nearly fourfold increase in incompat-
ible trace elements implied by the high degree of crystallization was
not observed in the andesites of Units 1, 2, and 5. Clearly, this
relationship also requires further study.

CONCLUSIONS

The liquid lines of descent suggested by a variety of graphic plots
of Leg 135 lavas, the compositions and combinations of coexisting

Table 6. Best-fit estimates of Hole $39B Unit 1 andesites.

Calculated weight fractions

Fit using Residual Clinopyroxene Orthopyroxene Plagioclase Spinel Sum R*
Unit2  0.5319 0.1484 0.1368 01753 00191 0.0143
Unit 5 0.5377 0.1607 0.1354 0.1651 0.0169 0.0175
Unit 7 0.5186 0.1607 0.1387 0.1761 0.0186 0.0204
Unit @ 0.5799 0.1414 0.1329 0.1443 0.0097 0.0093

Notes: Data represents Hole 839B Unit | bulk-rock averages as parent, using silicate phases from
Unit 9 andesite, Unit 3 spinel, and Units 2, 5, 7, and 9 bulk-rock averages.
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Table 7. Best-fit estimates of Hole 834B Unit 5 andesites.

Caleulated weight fractions
Fitusing Residual Clinopyroxene Plagioclase Olivine

Spinel  Sum R’

Unit 10 0.4877
Unit 12 0.4283

0.1769
0.1423

0.2311
0.3193

0.0805
0.1119

0.0325  0.0325
0.0000  0.0281

Notes: Data represents Hole 834B Unit 5 bulk-rock averages as parent silicate phases from
Hole 836A Unit 4 and spinel from Hole 834B Unit 7.

Table 8. Best-fit estimates of Hole 836 A Subunit 4A andesites.

Calculated weight fractions
Fitusing Residual Clinopyroxene Plagiocl Olivine Magnetite  Sum R*
Unit]  0.1942 0.3157 0.3954  0.0465 0.0360 0.0145
Unit2 01775 0.3190 0.4041 00482 0.0392 0.0201
Units 02824 0.2836 0.3526 00425 0.0294 0.0165

Notes: Data represents Hole B36A Subunit 4A bulk-rock averages as parent silicate phases
from Hole 836A Unit 4 and magnetite from Late [sland andesite, Tonga.

natural mineral phases in selected rock samples, and the materials
balance calculations based on these data, all support the derivation of
chemical variation in these rocks by crystal-melt fractionation at vari-
able pressures. However. the very calcic plagioclase observed in some
of these rocks also requires substantial amounts of water; plagioclase
in dry melts tends to become more sodic with increasing pressure, not
more calcic. This certainly is consistent with the high vesicularity of
most of these rocks. The highest water contents are required to explain
the variations in the Hole 839B rocks, which are mineralogically and
chemically very similar to the glass and mineral components pro-
duced by experimental crystallization of a Hole 839B, Unit 1, rock
(Gaetani et al., this volume). Fractionation in the Hole 834B and 836A
rocks is generally more “MORB-like,” although relatively calcic
plagioclase again indicates at least moderate pressure and water
contents. In these calculations, some problems remain with misfits in
trace elements. The apparently simple cumulate trend suggested by
petrography and the graphic projections in Hole 839B also are not
satisfactorily resolved by the new data, as substantial misfits are still
present for both compatible and incompatible trace elements. Minor
element heterogeneity in clinopyroxenes in Unit 3 indicates that Unit
3 may not be a simple cumulate but a partly assimilated, preexisting
cumulate that may have had a different trace element signature than
the assimilating magma.
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