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FiG. 4. Composition of opaque oxides in samples from Mt. Erebus. Variation of Al,0;, Cr,0,, MgO, and total Fe
as FeO (FeO?*) plotted against TiO, (all in wt. %).

undersaturated differentiation sequences (e.g., South Qoroq nepheline syenites: Stephenson,
1972; DVDP lineage: Kyle, 1981b). Clinopyroxenes in the EFS benmoreite follow the trends
of clinopyroxenes in less undersaturated sequences of the McMurdo Volcanic Group such
as The Pleiades (Kyle, 1986) and the generalized alkali basalt—trachyte series from Japan
(Aoki, 1964).

The lack of strong Fe* and Na enrichment in EL pyroxenes suggests that oxygen
fugacity was constant during differentiation. The continuous crystallization of olivine with
increasing Fe contents and magnetite may have buffered f,,. The Na enrichment in
groundmass clinopyroxenes from anorthoclase phonolite 83400 probably resulted from
higher oxygen fugacity during cooling after eruption of the lavas.

Opaque oxides

Titanomagnetite is common as a phenocryst and groundmass phase in all lavas. Cor-
roded phenocrysts in basanite 83435 are chromian magnetites (4-60-7-40 wt.% Cr,0,)
(Fig. 4). Rare ilmenite phenocrysts occur in Ne hawaiites and Ne benmoreites.

Al,O, and MgO decrease and FeO and MnO increase in EL magnetites with increasing
sample differentiation (Fig. 4). The titaniferous magnetites from Mt. Erebus are typical of
alkaline igneous suites (Haggerty, 1976).

Using magnetite and ilmenite (Stormer, 1983), temperatures and log Jo, in Ne hawaiites
AW82038 and 83415 average 1081 £12°C and —9:99 1+ 0-15, respectively. These values fall
on the quartz—fayalite-magnetite (QFM) oxygen buffer curve, characteristic of extrusive
basaltic rocks (Haggerty, 1976).

Pyrrhotite

Pyrrhotite is common in anorthoclase phonolites as small blebs within or contacting
magnetite grains, but occasionally as microphenocrysts. In an Ne hawaiite the pyrrhotite
has a molecular FeS content of 0-96-1-00.
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Using a temperature of 1081 °C and an average atomic percentage FeS value of 0-98 in
pyrrhotites, the log fs, of the Ne hawaiite magma is —3-01 (Toulmin & Barton, 1964). This is
identical to the log S, fugacity of gas from Kilauea volcano, Hawaii (Heming & Carmichael,
1973), and lower than the value (—2-75) calculated at 1000°C for anorthoclase phonolite
ejecta from Mt. Erebus (Kyle, 1977).

Feldspar

Feldspar is the dominant phenocryst phase in Erebus lavas. Plagioclase occurs as
euhedral, fine-grained, unzoned phenocrysts in basanites, and as euhedral or subhedral
oscillatory zoned phenocrysts up to 3 cm in length in intermediate lavas of the EL.
Resorbed cores and embayed rims are common. Anorthoclase phonolites contain euhedral,
unzoned anorthoclase phenocrysts up to 5 cm in length and form up to 40% of the mode. In
EFS lavas feldspar occurs as subhedral to euhedral fine-grained phenocrysts or micro-
phenocrysts.

In EL lavas feldspar ranges from An,; in basanites to Ors, in the groundmasses of some
Ne mugearite and anorthoclase phonolites samples (Fig. 5). Microphenocrysts and pheno-
crysts are similar in composition and are more calcic than groundmass feldspar. The
abundant rhomb-shaped phenocrysts in the anorthoclase phonolites range from An,3Or 4
(oligoclase) in the less evolved anorthoclase phonolite samples (e.g., 83446) to An,,Or,5
(anorthoclase) (Fig. 5) in the more evolved samples (e.g., 80020) and recent ejecta (Kyle,
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FI1G. 5. Composition of feldspars in various rock types within the EL.
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1977). There is minor variation in Abgs ., and zoning is limited to slight variations in An
and Or. The phenocrysts sometimes have thin discontinuous sanidine rims (Or;;_35)-
Groundmass feldspars range from anorthoclase to sanidine.

Feldspar in the EL forms a continuous trend, whereas feldspar in EFS benmoreite
AW82023 is more albitic, suggesting a different evolutionary path for these lavas. Similar
divergent feldspar trends have been observed at other volcanic centers (e.g., Gough Island:
Le Roex, 1985; Mt. Kenya: Price et al., 1985). The higher albite content of feldspar from the
EFS benmoreite may be due to its increased stability at higher water contents (Tuttle &
Bowen, 1958).

Rare earth and trace elements were analyzed in three andesines and an oligoclase
separated from Ne hawaiite and Ne benmoreite (Table 3). The feldspar has low rare earth
element (REE) concentrations, and enriched light REE and Eu, typical of feldspars.
Calculated feldspar/whole-rock and feldspar/groundmass partition coefficients (Table 3)
are typical of intermediate lavas (Schnetzler & Philpotts, 1970).

Feldspathoids, sodalite, and apatite

EL lavas are strongly undersaturated, containing up to 24% normative Ne. Rare nephe-
line microphenocrysts and sodalite—pyroxene microxenoliths occur in some Ne hawaiite
samples. Minor amounts of feldspathoids were observed in the groundmass of basanites
and intermediate lavas. Anorthoclase phonolites contain groundmass sodalite and nephe-
line. Feldspathoids were not observed in the EFS lavas.

Microphenocrysts of apatite are common in most rocks.

GEOCHEMISTRY

Major, trace, and rare earth elements were measured by X-ray fluorescence (XRF)
(Norrish & Chappell, 1977) and instrumental neutron activation analysis (INAA) (Jacobs et
al,, 1977; Lindstrom & Korotev, 1982). Sr and Nd isotope analyses were carried out using
standard separation procedures, and employed a multidynamic 5-collector technique on a
V(G354 mass spectrometer. During the period of analysis, Sr standard SRM 987 had an
87Sr/36Sr value of 0710249+ 19 (2 S.D., n=136). Internal precision for single analyses is
+0:00001 (2 S.E.). All data are normalized to an 3¢Sr/®8Sr value of 0-1194.

All samples are undersaturated, with 5-24% Ne, except the EFS trachytes which are
slightly undersaturated (0-7% Ne) to oversaturated (0-4-2-1% Qz). EL lavas form continu-
ous major element trends on silica variation diagrams (Figs. | and 6). Minor scatter is seen,
especially for Al,O,, as a result of feldspar accumulation. TiO,, MgO, CaO, and P,0;
decrease with increasing SiO,. In EL lavas Al,0,, Na,0, and K,O increase up to ~52%
SiO,, Al, O, then decreases, and the trends of Na,O and K,O level out. Anorthoclase
phonolites show only slight variation in major element compositions. EFS lavas are
distinctly higher in FeO* and depleted in Al,0,, Na, O, and K,0O compared with EL lavas.

EL lavas exhibit smooth continuous trace element trends (Fig. 7) similar to the major
elements. There are strong enrichments of incompatible elements such as Rb, Zr, and Th.
Compatible elements such as V, Cr, and Sr decrease with differentiation.

EL lavas have high concentrations of REE (Fig. 8A) and are LREE enriched (Lay/Yby
= 13-5-20-2). With differentiation the HREE are enriched relative to the LREE, as shown
by decreasing La/Yb (Fig. 7). Some Ne hawaiite and anorthoclase phonolite samples have
slight positive Eu anomalies.
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Analyses of plagioclase separates and associated whole-rock and groundmags of EL rock samples
2
I 2 3 4
Sample Plag. WR GM Plag. WR GM Plag. WR ;3; GM Plag. WR GM
[7]
FeO* 0-54 918 10:96 065 841 10-92 035 806 Q 973 0-32 677 706
Na,O 4-86 6-68 5-59 585 560 5-69 502 626 < 681 646 — 761
Sc 03 69 77 03 61 78 01 st 253 01 53 59
Cr <1 7 8 <l 3 <2 <l <2 a<?2 <t <2 <2
Rb 3 59 70 4 54 68 <3 55 O g1 S 86 114
Cs 0-04 054 059 007 0-60 0-65 <004 0-48 c 070 <(0-04 0-89 1-20
Ba 514 793 708 505 694 813 639 980 3975 1365 944 879
La 14-0 959 106'5 160 88-8 109-7 150 89-5 @ 104-7 271 — 131-0
Ce 200 138-2 208-6 250 174-4 2180 210 176-0 §203~5 350 2150 253:6
Sm 09 14:1 157 1-2 129 162 08 12-8 — 144 1-3 — 164
Eu 2-39 420 4-39 2:42 403 457 316 424 g 413 426 399 392
TH 007 1-34 1-54 009 1-52 1-72 0-06 1-60 2 151 o111 1-65 1-79
Yb <02 35 42 02 33 43 <02 38 B 42 <02 46 56
Lu 002 044 056 <002 046 0-56 <002 052 S 066 0-22 — 78
Hf 03 8-8 10:0 04 81 10-3 01 91 §‘ 11-4 03 14-1 177
Ta 04 10:0 109 04 85 110 o1 9-7 5 12-2 02 13-1 159
Th 03 11-8 133 05 107 138 01 106 < 136 04 16:9 21-5
U <l 39 39 <1 36 48 <1 50 B 44 <l — 72
Distribution coefficients §
Sc 0-043 0039 0-049 0039 0020 * 0019 0019 0017
Rb 0055 0045 0075 0059 — — 0059 0044
Cs 0-074 0-068 0117 0108 — — — —
Ba 0-648 0726 0728 0621 0652 0-655 1-446 1-553
La 0-146 0131 0180 0146 0-168 0143 — 0-207
Ce 0106 0-096 0143 0115 0119 0103 0163 0138
Sm 0-064 0057 0-093 0074 0063 0056 — 0-079
Eu 0-569 0-544 0-600 0529 0-745 0-765 1-068 1087
Tb 0052 0-045 0-059 0-052 0037 0-040 0-067 0061
Yb — — 0-061 0-046 — — — —
Lu 0-045 0036 — — — — — 0026
Hf 0034 0030 0-049 0-039 0011 0-009 0021 0017
Ta 0-040 0037 0-047 0036 0010 0-008 0015 0013
Th 0-025 0023 0047 0036 0-009 0-007 0024 0019

Calculated feldspar/whole-rock and feldspar/groundmass distribution coefficients are given below the analyses. Oxides are given in wi.%, trace elements in ppm.

All analyses by instrumental neutron activation analysis; —not analyzed. Plag.—plagioclase; WR—whole rock; GM—groundmass.

All plagioclase is andesine, except sample 4 which 1s oligoclase. 1, Ne hawaiite (25754), Turks Head; 2, Ne hawaiite (25758), Tryggve Point; 3, Ne hawaiite (25778),
Fang Ridge; 4, Ne benmoreite (25748), Tent Island.
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FIG. 6. Variation of major element oxides in samples from Mt. Erebus, as plotted against silica. +, EL lavas;
O, EFS lavas; V, trachyte. Open ficlds are DVDP lineage rocks. All values in wt. %.

EFS benmoreites have lower REE concentrations than EL lavas (Fig. 8A). The EFS
trachytes have the highest REE concentrations and large negative Eu anomalies.

87Sr/®4Sr ratios are uniformly low (0-70294-0-70303) in all EL lavas (Table 4). An EFS
benmoreite from Inaccessible Island is isotopically similar to the EL lavas, whereas a
trachyte from Aurora CIiff has a higher 87Sr/%¢Sr of 0-70425. An anorthoclase phonolite
sample (80020) has an '**Nd/'*#Nd ratio of 0-512912 + 4 (normalized to an '*Nd/!4*Nd
value of 0-7219). Additional isotopic data on samples from Mt. Erebus have been given by
Sun & Hanson (1975), Stuckless & Ericksen (1976), and Jones et al. (1983).

The ®7Sr/®6Sr ratios are low, within the low end of the range exhibited by oceanic island
basalts (Zindler & Hart, 1986). 2°6Pb/2°*Pb ranges from 19-4 to 20-1 in Mt. Erebus and
other Ross Island samples (Sun & Hanson, 1975). The radiogenic Pb and unradiogenic Sr
isotope data suggest that Ross Island basanites were derived from a mantle source reservoir
with a high proportion of HIMU component (Zindler & Hart, 1986).

PETROGENESIS
Evolution of the Erebus lineage

EL lavas range from basanite to anorthoclase phonolite and define single trends on
geochemical variation diagrams (Figs. 6 and 7), indicating that the lineage evolved from a
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basanite parental magma. The evolution of igneous suites by fractional crystallization is
characterized by decreasing compatible trace elements whereas incompatible elements
increase and have constant ratios with each other. EL lavas form smooth geochemical
trends, and show similar incompatible element ratios (e.g., Zr/Nb 2-7-3-6, Ba/Rb 9-6-11-7),
in strong support of evolution by fractional crystallization.

The progressive decrease of TiO,, FeO*, MgO, CaO, and P,0 with increasing evolu-
tion of EL lavas is indicative of olivine, clinopyroxene, opaque oxide, and apatite fraction-
ation. The Al,0;, Na,0, and K,O trends suggest that feldspar fractionation occurred in
lavas more evolved than Ne benmoreite.

Trace element trends in the EL can also be explained by fractional crystallization (Fig. 7).
Sc, Y, Cr, Ni, and Cu decline sharply in the more basic rocks to detection limits, most

TaBLE 4

Representative analyses of volcanic rocks from Mt. Erebus

1 2 3 4 b) 6 7
S10, 4332 4397 44-50 44-89 4620 47-19 4822
TiO, 378 375 3690 320 316 272 2:60
AL O, 15-38 16-65 1677 1696 1607 18-24 17-49
FeO* 1208 11-44 11-04 11-23 11-11 933 9-58
MnO 022 024 25 023 025 022 023
MgO 677 492 469 421 474 313 347
CaO 10-66 9-62 971 9-28 805 7-52 679
Na,O 4-63 464 4-84 524 474 5-89 561
K,O 1-72 2:07 215 207 311 283 327
P,0, 1-21 1-51 1:56 1-69 1-16 1-22 1-19
LOI 003 —0-44 —0-56 013 033 078 017
Total 99-82 98-36 98-61 98-88 98-91 9905 98-63
Sc 20-3 -1 112 8-82 13-15 642 911
Yy 291 192 179 138 147 73 97
Cr 130 27 9 2 61 2 25
Ni 63 13 10 <5 27 10 13
Cu 43 23 22 19 46 56 31
Zn 104 112 113 123 124 11 114
Ga 21 22 21 22 24 22 24
As <10 <10 <10 16 <10 1-2 1-8
Rb 41 41 41 46 62 61 72
Sr 1100 1374 1386 1421 871 1295 1123
Y 37 41 44 45 48 46 46
Zr 363 347 358 427 522 482 540
Nb 111 126 13t 145 158 163 183
Sb (031 (03] o1 01 — 01 01
Cs 0-38 040 040 044 053 062 070
Ba 485 653 682 593 686 721 763
La 70-0 770 79-3 920 89-5 94-7 100-2
Ce 149-8 164-5 170-1 198-4 189-5 195-3 2057
Nd 67 76 85 98 85 86 91
Sm 12-45 13-80 1393 14-87 1511 14-46 13-72
Eu 363 407 412 442 396 401 390
Tb 1-33 1-57 1-55 1-68 1-75 1-64 1-65
Yb 2-55 2-86 317 320 343 335 349
Lu 040 044 048 0-49 057 051 054
Hf 8-49 7-65 187 919 166 378 1t
Ta 657 732 750 827 892 9-46 10-4
Pb <4 <4 <4 <4 <4 <4 <4
Th 7-2 66 71 84 100 11-3 12-3
U 1-6 19 290 25 2-1 32 31

87Sr/35Sr 0-702958 0702977 0-702977 0-702937 0-703021 0-702992
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probably because of olivine, clinopyroxene, and opaque oxide fractionation. Sr increases
slightly from basanite to Ne-hawaiite, then declines to anorthoclase phonolite, suggesting
apatite and feldspar fractionation from lavas more evolved than Ne hawaiite. Ga, Y, Zr, Nb,
Cs, Ba, Hf, Ta, Th, and U increase in concentration in the lavas from basanite to
anorthoclase phonolite. This is consistent with fractionation of olivine, clinopyroxene,
opaque oxides, feldspar, and apatite. Rb increases from basanite to Ne benmoreite, then
levels out in the anorthoclase phonolite. The anorthoclase is enriched in Rb (Mason et al.,
1982) and if fractionated would result in lowering Rb contents.

Fractional crystallization can explain the REE patterns of the EL. The overall en-
richment of REE is limited, largely as a result of apatite fractionation. Middle REE show
almost no change in concentration, as a result of clinopyroxene and apatite fractionation.
Small positive Eu anomalies in some samples suggest that they may contain minor

TABLE 4 (Continued)

8 9 10 11 12 13 14
Sio, 49-53 50-17 50-77 54-22 5500 5563 5593
TiO, 2-12 2-18 1-95 1-58 1-36 1-18 1-10
AlLLO, 19-87 18-64 18-91 18-84 18-29 19-46 19-74
FeO* 7-41 8-04 7-78 676 6-59 506 4-59
MnO 017 022 022 023 027 0-20 018
MgO 3-00 2:51 2-20 1-81 1-64 1-30 123
CaO 693 573 5-55 422 334 316 320
Na,O 622 6-44 690 696 71 7-60 777
K,O 300 352 338 39 439 447 433
P,O, 0-85 1-10 093 ¢71 056 046 044
LOI —-022 —-001 017 -012 —0-28 0-03 015
Total 98-89 98-53 9876 99-10 9892 98:55 98-66
Sc 7-06 632 509 425 490 3-06 2-80
v 95 62 37 24 35 19 13
Cr 33 <2 <2 <2 3 2 2
Ni 13 7 7 7 9 6 7
Cu 31 19 21 11 13 10 10
Zn 82 96 108 124 153 108 99
Ga 23 23 24 26 28 28 27
As 17 1-1 2:1 <10 <10 20 <10
Rb 70 77 75 86 10t 107 99
Sr 1345 1270 1188 1171 744 885 990
Y 33 46 47 53 68 55 49
Zr 448 632 608 766 942 927 855
Nb 160 179 192 214 259 255 236
Sb (131 02 o1 02 02 03 03
Cs 069 074 083 098 1-12 1-37 1-20
Ba 730 819 909 990 1050 1010 1064
La 749 101-2 1079 1110 1344 109-2 103-9
Ce 1488 2077 218-1 2229 2737 218-8 2042
Nd 57 91 95 96 114 85 80
Sm 9-70 1391 13-89 1443 17-58 13-31 1202
Eu 306 394 411 448 517 421 427
Tb 1-16 1-65 1-70 1-78 220 1-74 1-57
Yb 248 376 395 470 596 4-87 474
Lu 039 057 059 070 0-87 077 071
Hf 843 132 12:6 16-8 209 199 181
Ta 9-18 107 11-3 126 150 149 13-7
Pb <4 <4 <4 <4 <4 5 <4
Th 120 13-4 139 154 18-1 18 17-5

8} 33 44 47 48 64 56 52
878r/%6Sr 0-702959 0-702990 0-703000 0703027
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TasLE 4 (Continued)

15 16 17 18 19 20 21 22 23 24

SiO, 56-27 56-57 54-28 55-81 58-91 60-59 6351 52-69 5504 4168
TiO, 099 098 1-20 107 044 074 043 2-18 1-19 406
A}, O, 19-25 19-31 1801 1803 18-47 15-85 15-33 19-04 2006 1292
FeO* 5-26 4-95 8-46 71 5-89 679 615 7-52 513 11-23
MnO 023 023 0-29 030 026 022 021 0-24 018 0-18
MgO 095 099 1-57 1-35 037 0-56 014 250 114 12-13
CaO 278 275 4-40 375 219 1-94 1-44 598 373 11-32
Na,O 772 817 6-52 706 7-66 638 656 590 7-44 316
K,O 462 4:55 338 3-50 4-67 516 523 215 4-00 1148 ©
P,O, 040 0-42 0-51 041 013 013 005 1-13 0-47 084 £
LOI 012 —-02f 001 —-022 003 007 018 —0-05 019 - %
Total 98-60 98-72 9862 98-75 9902 98-42 99-23 99-26 98-57 9931+ 8
Sc 302 2-58 220 2907 058 5-47 2:79 4-81 2-87 %
v 1t 12 10 10 12 <10 <10 48 18 300 g
Cr 2 <2 <2 <2 <2 <2 <2 2 <2 469 >
Ni 6 7 6 7 6 7 9 7 7 276 g
Cu <10 10 13 10 10 <10 <10 13 <10 52 _§
Zn 112 130 134 122 123 176 269 97 85 82 o3
Ga 28 29 25 25 25 31 33 24 26 — %
As <10 <140 <10 <10 <10 38 19 <140 50 — 8
Rb 105 102 75 80 109 132 161 44 88 30 )
Sr 851 878 970 923 381 81 13 1643 1081 829 o
Y 60 64 42 43 40 71 92 51 49 33 S
Zr 935 946 628 634 848 969 1085 458 948 — g
Nb 247 261 172 193 201 232 258 140 251 80 3
Sb 03 03 03 02 03 03 05 — 02 —  »
Cs 1-14 127 070 073 107 194 3-69 041 0-80 03t é
Ba 1144 1164 887 1109 1321 811 304 1205 889 277 @
La 120-7 1269 1115 113-0 119-3 1322 164-9 1172 977 53 =
Ce 2427 2527 2177 228-4 2209 268-4 3251 234-6 1944 >110 o
Nd 101 97 86 88 74 109 145 106 78 49 =
Sm 1498 15-25 11-94 12-22 1013 1703 2100 15-84 12-13 9-2 c
Eu 4-83 497 351 383 2-80 336 291 5-50 3-86 27 <
Tb 1-91 1-99 1-35 1-44 1-20 218 2:87 1-80 1-56 094 %.
Yb 5-55 5-64 364 393 399 631 7-88 392 4-83 16 <
Lu 0-85 0-84 056 0-61 064 093 117 058 073 — £
Hf 206 206 13-8 13.9 17-5 21-5 25-2 10-:6 20-1 58 g
Ta 149 150 10-4 11-4 12-5 12-5 14-6 897 14-2 -~ 3
Pb <4 <4 <4 6 12 16 31 <4 <4 80 o
Th 19-2 186 129 14-3 184 214 254 9-8 200 47 2
U 46 59 33 48 48 69 79 29 68 12 §
87Sr/85Sr 0703029 0703029 0-703003 0-704248 é

Major elements are given in wt. %, trace elements in ppm. 8

1, Basanite (83435), Cape Barne; 2, basanite (83437), Fang Ridge; 3, basanite (79300), Cape Barne; 4, Ne hawaiite (83432),0
Cape Barne; 5, Nc hawaiite (AW82044), Turks Head; 6, Ne hawaiite (AW82038), Turks Head; 7, Ne hawaiite (83409),~
Inaccessible Island; 8, Ne hawaiite (83415), Tent Island; 9, Ne mugearite (83417), Tent Island; 10, Ne benmoreite (83410),
Inaccessible Island; 11, Ne benmoreite (AW82015), Turks Head; 12, anorthoclase phonolite (83452), Bomb Peak; 13,
anorthoclase phonolite (83446), Cape Royds; 14, anorthoclase phonolite (83448); 15, anorthoclase phonolite (83400), Mt.
Erebus; 16, anorthoclase phonolite (80020), Three Sisters Cone; 17, benmoreite (83412), Inaccessible Island; 18, benmoreite
(AW82023), Lewis Bay; 19, phonolite (83407), Inaccessible Island; 20, trachyte (83454), Aurora Cliffs; 21, trachyte (82405),
Bomb Peak; 22, cumulate xenolith (82403), summit, Mt. Erebus; 23, anorthoclase phonolite xenolith (82431), Bomb Peak; 24,
basanite, assumed to be parental for the Erebus lineage, from Dry Valley Drilling Project hole 2, Hut Point Peninsula
(2—105-53) from Kyle (1981b).

t Includes Fe,0, =306, FeO =8-48.

LOYJ, loss on ignition.
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FIG. 7. Variation of selected trace elements in samples from Mt. Erebus and comparison with trends in the DVDP
lineage shown by fields. +, EL lavas; O, EFS lavas; V, trachytes.

cumulate feldspar. Large Eu anomalies are absent. Fractionation of feldspar similar to
those analyzed in Table 3 would result in negative Eu anomalies, suggesting that feldspar
fractionation was minor. However, depletion of Eu by feldspar fractionation may have been
balanced out by enrichment of Eu as a result of clinopyroxene and apatite fractionation.

The near-uniform 87Sr/®¢Sr values of the EL lavas (Table 4) show that crustal contamina-
tion is unlikely to have had any significant effect on the major and trace element
abundances of the rocks.
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F1G. 8. Chondrite-normalized REE plots of Erebus rocks, using normalizing factors of Taylor & Gorton (1977).
(A) Representative EL samples. (B) Representative EFS samples, including a typical EL anorthoclase phonolite for
comparison.

Fractionation sequence

Quantitative crystal fractionation models for the EL were made by least-squares mass
balance methods using major elements (Bryan et al, 1969). Microprobe analyses of
phenocrysts from the samples were used. Additional analyses of a chrome spinel (Kyle,
1981b), nepheline (Deer et al., 1966), and apatite (P. R. Kyle, unpub. data) were included.
Geologically and mineralogically reasonable models with sums of squares of differences of
<01 were accepted, and were tested using trace element data and the Rayleigh fraction-
ation equation (Arth, 1976). Empirical mineral/melt partition coefficients from the literature
and Table 3 were used in the modeling.
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A primitive basanite (2-105-53) (Kyle, 19815) from a DVDP drill core was used as the
parental magma for the Erebus lineage. Primitive basanites are unknown on Mt. Erebus,
and extrapolation of major and trace element trends (Figs. 6 and 7) for EL lavas coincided
with the basanite. In addition, incompatible element ratios were similar in the DVDP
basanite and the more evolved basanites from Mt. Erebus. Evolution of the EL was
modeled in three steps.

Evolution from basanite to Ne hawaiite gave three solutions (Table 5). In addition to the
main phenocryst phases, Cr spinel was fractionated in models 1 and 2, and in models 2 and
3 nepheline and nepheline and feldspar were also fractionated, respectively. Model 1 has
predicted trace element concentrations similar to those observed, with the exceptions of Sr
and Ba. This may be due to uncertainties in the distribution coefficients for these elements.
Predicted trace element concentrations are too high in models 2 and 3, suggesting that these
models are less likely.

Two models for Ne hawaiite to Ne benmoreite evolution (Table 6) are similar, except one

TABLE S
Least-squares mass balance models for derivation of Ne hawaiite (A W82038) from basanite
(2—105-53)

Observed Estimated basanite

basanite 1 2 3
SiOo, 4206 4210 4206 4207
TiO, 421 421 4-21 421
Al,O, 13-08 13-09 1308 1307
FeO* 11-46 11-46 11-46 11-46
MnO 018 021 020 ¢19
MgO 12-11 1208 12-11 12-10
Ca0O 11-50 11-44 11-49 11-49
Na,O 303 288 308 313
K,0 1-51 131 1-38 1-32
P,0O, 0-87 094 0-88 0-88
Wt. fraction Ne hawaiite 0-4547 04133 0-3475
Olivine (Fogs B) 01163 01166 01299
Clinopyroxene (En,, B) 0-3466 0-3643 0-3473
Cr spinel (Usp, B) 00354 00261 —
Ti magnetite (Usps;B) 00124 00214 00438
Ilmenite 0-0236 00226 0-0238
Feldspar (An,,B) — — 00518
Nepheline (Nel) — 00272 00453
Apatite 0-0092 0-0088 00107
Sum 0-9982 1-0002 10001
Sum R** 007 002 005

Trace element abundances (ppm) in Ne hawaiite

Observed Calculated
Rb 62 65 7t 84
Sr 1295 1663 1822 1829
Nb 163 160 175 207
Ba 721 598 658 766
La 95 99 109 125
Ce 195 194 212 240
Sm 14-5 137 14-8 164
Eu 40 43 46 50
Yb 34 35 38 43
Lu 05 05 0S5 06

* R?is the square of the residuals.
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TABLE 6
Least-squares mass balance models for derivation of Ne benmoreite (§3410) frogz Ne hawaiite (AW82038)

0Jx0"ABojo.J1ad//:dny Wi

998

=]
Observed Estimdfed Ne hawaiite

Ne hawaiite 1 Lg 2
Sio, 4803 4809 2 4804
TiO, 2:76 273 Q 275
AlL,O, 18:57 18:51 @ 18-54
FeO* 9-50 9-52 c 9-51
MnO 023 022 2 022
MgO 319 310 Q 317
CaO 765 761 & 7-65
Na,O 596 5-83 — 609
K,O 2-88 270 g 2:69
P,O, 1-24 130 8 124
Wt. fraction Ne benmoreite 0-7790 g 0-6880
Olivine (FoggNh) 00117 (FogsNh) 00121
Clinopyroxene (En,,B) 0-0624 (Enzy,Nh) 0-0788
Ti magnetite {Usp,3Nh) 0-0399 (Usgh;Nh) 0-0479
Feldspar (Ang,B) 0-0504 (Angy,Nh) 01221
Nepheline — (Ne 00377
Apatite 0-0136 Q 00144
Sum 09970 B 10010
Sum R?** 007 006

Trace element abundances (ppm) in Ne benmoreite
Observed Calculated

Rb 72 79 89
Sr 1188 1158 1142
Zr 608 599 674
Nb 192 195 217
Ba 909 879 981
La 108 106 116
Ce 218 210 230
Sm 13.9 143 155
Eu 41 39 40
Tb 17 16 1-8
Yb 39 37 41
Lu 06 06 06

TV L3 9TAA 4 'd

* R?is the square of the residuals.
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contains nepheline. Observed trace element concentrations in the Ne benmoreite are similar
to those predicted by model 1. Trace element concentrations predicted by model 2 are
generally too high.

Evolution from Ne benmoreite to anorthoclase phonolite gave three solutions (Table 7).
The same phases were fractionated in each model, but those in model 3 had less evolved
compositions than in the other models. The predicted trace elements in model 1 are similar
to those measured in the anorthoclase phonolite, with the exceptions of Zr and Sr, which are
too low, and Ba, which is too high. In model 2, calculated Rb, Ba, La, and Ce are higher
than observed, whereas Sr is too low. These discrepancies suggest that the amount of
feldspar fractionation in model 2 is too high. In model 3, predicted Zr is lower than observed
and Sr, light REE, and Ba are high.

Based on the trace element data, model 1 is preferred in each of the three steps. Ne
hawaiite is therefore a 45% residual liquid of basanite, and in turn Ne benmoreite is a 78%
residual liquid of Ne hawaiite. Anorthoclase phonolite is a 66% residual liquid of Ne
benmoreite and a 23-5% residual liquid of basanite (Fig. 9). Of note in the models are the
importance of olivine, clinopyroxene, opaque oxide, and apatite fractionation in each step
and the increasing importance of feldspar fractionation. Negative Eu anomalies due to
feldspar fractionation were compensated for by Eu enrichment as a result of clinopyroxene
and apatite fractionation. Models involving kaersutite fractionation were attempted but no
reasonable solutions were reached. This is consistent with the observed lack of kaersutite
phenocrysts.

COMPARISON OF THE EREBUS AND DVDP LINEAGES

Lavas from Hut Point Peninsula, Ross Island, and cores from Dry Valley Drilling Project
(DVDP) drill holes 1-3 on Hut Point Peninsula have been investigated by Kyle & Treves

DVDP
100 100 EREBUS
Phonolite Phonolite
80 80 Ap
Ap Ne
Feld Feld
. Mt .
60 60 M1
Kaer
40 7 40 -
Cpx Cox
20 20 4
(o] 0]
Y 0
Basanite Basanite

Fi1G. 9. Comparison of the relative proportions of mineral phases fractionated from a parental basanite to form

phonolite in the Erebus and DVDP lineages. The vertical scale is in wt. % and shows the amount of phonolite

residual liquid remaining and the amount of the mineral phase removed during fractionation. Ol—olivine, Cpx—
clinopyroxene, Kaer—kaersutite, Mt—magnetite and spinel, Feld—feldspar, Ne—nepheline, Ap—apatite.

¥T0Z ‘62 Aenuer uo salreiqi] AIslBAIUN (199N e /Bio'sfeulnolploxorABojolied)/:dny wouy papeojumoq


http://petrology.oxfordjournals.org/
http://petrology.oxfordjournals.org/

3
=
=l
=)
o
TaBLE 7 §
<
Least-squares mass balance models for derivation of anorthoclase phonolite (83446Rfr0m Ne benmoreite (83410)
=)
Calculated %
Observed anorthoclase %
anorthoclase phonolite L
phonolite o
1 2 < 3
o
Sio, 5149 51-50 51-49 = 51-48
TiO, 198 200 1-99 Q 219
Al, O, 19-18 19-16 19-19 c 19-24
FeO* 789 7-89 7-88 =} 7-81
MnO 0-23 022 021 3 024
MgO 223 222 224 2 231
CaO 563 561 563 = 556
Na,O 700 702 698 g 691
K,O 343 336 345 =3 3-47
P,0, 094 096 094 § 1-03
Wt. fraction anorthoclase phonolite 0-6630 06112 z 07129
Olivine (FosgAp) 0-0049 (FosgAp) 0-0062 gFoﬂNm) 00151
Clinopyroxene (EnyoAp) 00718 (Eny5Ap) 00743 Y En,B) 00617
Ti magnetite (Uspg,Nh) 00550 (Uspg, Nh) 00572 ngsp“Ap) 0-0469
Feldspar (An,Nm) 01262 (Any,Nb) 01779 QAn,,Nh) 0-1006
Nepheline (Ne2) 0-0665 (Nel) 00589 gNeZ) 00508
Apalite 00156 00157 IN 00168
Sum 10029 10015 0-0048
Sum R?* 001 0-00 0-08
Trace element abundances (ppm) in anorthoclase phonolite
Observed Calculated
Rb 106 110 119 103
Sr 885 767 592 1106
Zr 927 839 897 828
Nb 255 237 252 250
Ba 930 1090 1062 1223
La 109 113 136 126
Ce 219 223 233 245
Sm 133 125 131 141
Eu 42 36 36 40
Tb 17 1-5 19 1-8
Yb 49 43 46 45
Lu 08 07 o7 08

* R?is the square of the residuals.
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(1974), Goldich et al. (1975, 1981), Sun & Hanson (1975, 1976), Kyle & Rankin (1976), Kyle
(19814, 1981b), and Stuckless et al. (1981). The Hut Point Peninsula and DVDP lavas form a
lineage consisting of basanite, Ne hawaiite, Ne mugearite, Ne benmoreite, and phonolite,
termed the DVDP lineage (Kyle, 1981b). These lavas typically have kaersutite as pheno-
crysts or in the groundmass. Kaersutite is lacking in EL lavas.

Major and trace clement trends of the EL and DVDP lineage can be compared in Figs. 6
and 7. Extrapolations of the trends are consistent with a similar parental magma for both
lineages. At evolved compositions, the EL has lower concentrations of Al,O, and Na,0O, as
a result of greater fractionation of nepheline and feldspar compared with the DVDP lineage.
TiO, and FeO* are slightly lower in most evolved rocks of the DVDP lineage, consistent
with kaersutite fractionation. P,O4 shows a moderate decline in the EL, but drops off
dramatically between evolved basanite and Ne hawaiite in the DVDP lineage. This suggests
a larger amount of apatite fractionation earlier in the evolution of the DVDP lineage.
Watson (1979) showed that apatite saturation decreases markedly with decreasing temper-
ature. The decline in P,O, may be the result of a significant change in temperature between
the evolution from basanite and Ne hawaiite in the DVDP lineage but not in the EL. This is
possibly due to the EL evolving in a larger, deeper, and hotter magma chamber.

For the compatible trace elements Cr, Ni, and Cu the two lineages show similar sharp
declines in concentrations as a result of combined fractionation of olivine, clinopyroxene,
kaersutite, and Fe-Ti oxides. Intermediate and evolved rocks of the EL are depleted in V
(Fig. 7) relative to DVDP rocks, consistent with the greater amount of Fe-Ti oxide
fractionation in the EL than in the DVDP lineage.

Rb is more enriched in DVDP lineage lavas (Fig. 7). This can be attributed to the
fractionation of anorthoclase from the EL. The Erebus and DVDP lineages show different
K/RDb trends. The most basic rocks of both lineages have similar K/Rb ratios, but the ratio
decreases with increasing differentiation in the DVDP lineage whereas it remains essentially
constant in the EL. Kaersutite has a high K/Rb; thus, this ratio may be the best indicator of
kaersutite fractionation (Kyle, 1981b). '

Sr increases ih the Erebus and DVDP lineages from basanite to Ne hawaiite, then
decreases systematically from Ne hawaiite to phonolite, reflecting apatite and feldspar
fractionation in the intermediate and evolved magmas of both lineages. However, Sr
decreases more sharply in the EL than the DVDP lineage, consistent with its greater degree
of feldspar and apatite fractionation. Although the basic rocks of the Erebus and DVDP
lineages have similar Y concentrations, Y increases in the Erebus lineage with increasing
differentiation but declines in the DVDP lineage, consistent with kaersutite fractionation.

Ba shows a trend of continuing enrichment with differentiation in the EL, whereas in the
DVDP lineage Ba increases in basic rocks and stays approximately constant with increas-
ing differentiation in intermediate and evolved rocks. This implies a bulk distribution
coefficient of ~ 1-0 for Ba during fractionation of the DVDP lineage, probably as a result of
removal of kaersutite and anorthoclase (Goldich et al., 1981; Kyle, 1981b). Zr, Hf, and Th
increase uniformly in both the Erebus and DVDP suites, consistent with their high
incompatibility.

Kyle (1981b) used least-squares mass balance calculations to model the evolution of the
DVDP lineage by fractional crystallization from basanite to phonolite in steps similar to the
three steps used to model the EL. Kaersutite fractionation was important in each step of the
DVDP models. The total amount of crystallization of the basanite parental magma
necessary to produce phonolite was similar in the EL (76:5%) and the DVDP lincage
(74:9%) (Fig. 9). However, in the EL models the total cumulates contain no kaersutite, and
proportionately greater amounts of olivine, apatite, clinopyroxene, Fe-Ti oxides, and
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feldspar compared with the DVDP lineage model. Also, nepheline is fractionated in the
evolution from Ne benmoreite to anorthoclase phonolite in the EL model. The fraction-
ation of kaersutite in the DVDP lineage suggests that the magmas were more hydrous and
probably lower in temperature than the EL magmas.

PETROGENESIS OF EFS LAVAS

Enriched iron series (EFS) benmoreite, phonolite, and trachyte are volumetrically insigni-
ficant on Mt. Erebus. They show a distinctive trend on an AFM plot, an FeO* vs. SiO, plot
(Fig. 6), and on incompatible element plots (¢.g., Fig. 7, Rb). These trends suggest that EFS
lavas are not related to the EL by crystal fractionation but may have evolved from a
geochemically distinct parental magma or by a separate fractionation process from a
primitive basanite similar to that for the EL.

Trachyte from Aurora Cliffs has an 87Sr/%6Sr value of 0-70425, significantly higher than
that of any EL lava. Another trachyte from Mt. Cis has an elevated 2°"Pb/2%*Pb ratio (Sun
& Hanson, 1976) compared with other Erebus volcanic province rocks, and the 37Sr/26Sr
value is similar to that for the Aurora Cliffs trachyte (Stuckless & Ericksen, 1976). Crustal
xenoliths are common at Mt. Cis, and we interpret the high isotopic ratios in the trachytes
as the result of crustal contamination. The high incompatible element concentrations, low
concentrations of Sr and Ba, low K/Rb ratios, and large negative Eu anomalies of all the
trachytes also suggest that they represent residual liquids from extreme fractionation,
especially of alkali feldspar. The trachytes probably evolved by an assimilation—fractional
crystallization process, possibly from the EFS benmoreites.

EREBUS PLUME

It is apparent that Mt. Erebus represents a site of significant basanite magma production,
which differentiates to anorthoclase phonolite. To account for the large volumes of magma
erupted at Mt. Erebus it is necessary to invoke the presence of a mantle plume (the Erebus
plume) to underlie the volcano.

Using simplified arguments and calculations, we can calculate the apparent rise rate of
the plume. Dibble et al. (1984) have estimated the volume of Mt. Erebus to be 1700 km?.
Surface exposures on Mt. Erebus are almost exclusively anorthoclase phonolite, with minor
intermediate compositions at Fang Ridge and in the Dellbridge Island and vicinity. At
present, all evidence suggests that the volcano is composed predominantly of anorthoclase
phonolite. If we assume the volume is 50% phonolite, then we have ~ 850 km? of phonolite.
Coastal exposures show that the phonolites occur mainly as thick dense flows. There is very
little evidence of significant pyroclastic deposits. This is supported by measured seismic
velocities of >4 km/s within the mountain (Dibble et al., 1988). Allowing for 20% void
space because of vesiculation and pyroclastic rocks gives a phonolite volume of 680 km?. As
our models have shown, the phonolite represents a 25% residual liquid from a mantle-
derived basanite parental magma. Therefore the volume of basanite necessary to generate
the phonolites is 2720 km?.

We have assumed that Mt. Erebus is composed of 50% phonolite. The remaining 50% is
probably Ne hawaiite to Ne benmoreite, with minor basanite. If we assume these 850 km?
also have 20% void space, this gives a volume of 680 km3. Our model (Table 5) shows that
the Ne hawaiite is a 45% residual liquid from the same basanite parent as the anorthoclase
phonolite. Assuming this remaining 680 km? averages out to be an ~ 50% residual liquid,
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then this requires another 1360 km?> of basanite. Therefore the total volume of basanite
necessary to account for Mt. Erebus is 4080 km3,

Basanite forms as a low-degree partial melt of garnet lherzolite mantle (Green, 1970).
REE data suggest that typical McMurdo Volcanic Group basanite forms by <2% partial
melting of mantle peridotite (Kay & Gast, 1973; Kyle & Rankin, 1976). If we use 5% as a
conservative estimate of the degree of partial melting, then the volume of mantle required to
generate the rocks exposed on Mt. Erebus is 82000 km?>. This assumes that each batch of
basanite must be derived from a new volume of mantle material. We believe this is
reasonable, in view of the depleted nature of the mantle as indicated by the low 87Sr/86Sr
value of 0-703 and the high incompatible element concentrations in the basanites. One
episode of partial melting would deplete the inventory of incompatible elements.

The volume of mantle required to generate the rocks is therefore extremely large. The
mantle would rise as a plume and undergo partial melting in the garnet stability field (Fig.
10). If we assume this plume is the diameter of Mt. Erebus, ~40 km, then a cylinder 65 km
long would be needed. The oldest rocks on Mt. Erebus are dated at 1 Ma; therefore the rise
rate of the Erebus plume would be about 65 mm/yr.

Details of the above calculations are not important; however, there is no escaping the fact
that large volumes of mantle are required to account for the voluminous anorthoclase
phonolites. This, by necessity, requires significant mantle upwelling, presumably in the form
of a plume, to account for the formation of Mt. Erebus.

The volcanic centers of Mt. Bird, Mt. Terror, and Hut Point Peninsula on Ross Island are
radial about Mt. Erebus at ~120° (Fig. 10). Large volumes of basanite would be generated

ROSS ISLAND
ROSS SEA Mt Terror Mt Erebus McMURDO SOUND  Transantarctic Mins.
| votcanes - - — sediments

TERROR _ RIFT

VICTORIA "~ LAND

Lithospheric
Mantle

Zone of partial
"“melting

EREBUS PLUME
6 cm/yr

ettt

FIG. 10. Model of the Erebus mantle plume (not to scale). Inserts show the radial distribution of volcanic vents
about Mt. Erebus and Mt. Discovery.
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under Mt. Erebus to account for the large volumes of phonolite, whereas the extent of
magma generation would be lower at the three surrounding volcanic centers, which are
mainly basanite and Ne hawaiite. Phonolites occur but are uncommon and form only small
cones.

The difference in the rate of magma generation could be due to lower temperatures in the
outer part of the plume, resulting from interaction with surrounding cooler mantle, or the
rise rate of the plume may be significantly faster at the center. In addition, differentiation of
the basanite at Mt. Erebus occurred under hotter and drier conditions, giving rise to the
Erebus lava lineage. At the three surrounding centers, the lavas belong to the DVDP lineage
and fractionated with higher Py, and at lower temperatures, presumably in smaller and
higher-level magma chambers.

A radial distribution of vents similar to those on Ross Island is seen in southern
McMurdo Sound, where Mt. Discovery (Fig. 10) is radially surrounded at 120° angles by
Minna Bluff, Brown Peninsula, and Mt. Morning. It is possible that these centers are an
early manifestation of the Erebus plume. Volcanic centers on Ross Island are dated at <4
Ma, whereas in the Mt. Discovery area volcanism extends back to 19 Ma (Kyle & Muncy,
1989). Mt. Discovery is ~5 Ma old and is composed of highly evolved lavas, similar to Mt.
Erebus (Kyle, 1976; Wright-Grassham, 1987). Assuming the mantle plume is fixed, it is
therefore necessary to invoke a southward movement of the Antarctic plate between 4 and 5
Ma ago.

The Transantarctic Mountains (Fig. 10) to the west of Mt. Discovery form the imposing
Royal Society Range with elevations exceeding 4 km. Uplift in the area is amongst the
greatest in the Transantarctic Mountains. It is possible that the Erebus plume, during its
early development and before the initiation of significant volcanism, enhanced the already
occurring uplift (Fitzgerald et al., 1986) of the mountain range.

Ross Island lies at the southern end of the Terror Rift, a major graben structure in the
western Ross Sea (Cooper et al.,, 1987). Extension within the rift probably started in mid-
Tertiary time. It is possible that initiation and development of the Terror Rift and the
Erebus plume coincided. Crustal extension could be a consequence of the plume.

CONCLUSIONS

Phonolites in the Erebus and DVDP lineages represent a similar amount (~24%) of
residual liquid derived by fractional crystallization from a basanite parental magma.
However, the EL anorthoclase phonolite evolved at a higher temperature and lower Py,q
than the DVDP lineage phonolite. In comparison, the DVDP lineage shows evidence of
having evolved in small, individual magma chambers at lower temperatures (Kyle, 1981b).

The different mineralogy and geochemistry of the EFS suggest that it evolved from a
different parental magma from that of the EL, possibly alkali basalt formed by higher
degrees of partial melting in the mantle. The trachytes have elevated Pb and Sr isotopic
ratios, suggesting evolution by assimilation fractional crystallization.

The threefold radial configuration of volcanic centers at Ross Island may be the result of
radial crustal fractures above a small mantle plume centered beneath Mt. Erebus (Kyle &
Cole, 1974; Kyle, 1987). Low degrees of partial melting in this plume formed the basanite
parental magmas of the Erebus and DVDP lineages. EL lavas evolved in magma chambers
fed by the main part of the plume, whereas basanites at the edges of the plume were at lower
temperatures and pressures and crystallized kaersutite, forming the DVDP lineage rocks.
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