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Abstract

Major element chemistry of basalt from the southern East Pacific Rise (EPR) is different from that of the EPR at
the time of the formation of the Pacific Plate at 170 Ma. Glass recovered from Jurassic age (170 Ma) Pacific ocean
crust [Bartolini and Larson, Geology 29 (2001) 735^738] at Ocean Drilling Program Hole 801C records higher Fe8

(10.77 wt%) and marginally lower Na8 (2.21 wt%) compared to the modern EPR, suggesting deeper melting and a
temperature of initial melting that was 60‡C hotter than today. Trace element ratios such as La/Sm and Zr/Y, on the
other hand, show remarkable similarities to the modern southern EPR, indicating that Site 801 was not generated on
a hotspot-influenced ridge and that mantle composition has changed little in the Pacific over the past 170 Ma. Our
results are consistent with the observation that mid-ocean ridge basalts (MORBs) older than 80 Ma were derived by
higher temperature melting than are modern MORBs [Humler et al., Earth Planet. Sci. Lett. 173 (1999) 7^23], which
may have been a consequence of the Cretaceous superplume event in the Pacific. Site 801 predates the formation of
Pacific oceanic plateaus and 801C basalt chemistry indicates that higher temperatures of mantle melting beneath
Pacific ridges preceded the initiation of the superplume. F 2002 Published by Elsevier Science B.V.
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1. Introduction

The Paci¢c Plate was born when the East Pa-
ci¢c Rise (EPR) formed in the central Paci¢c
Superocean, south of the magnetic equator at
170^175 Ma [1] (Fig. 1). This early Paci¢c crust,

which is now in the western Paci¢c (Fig. 1), has
been investigated twice by the Ocean Drilling Pro-
gram (ODP). Leg 129 Hole 801B encountered
basement at 462 m below the sea£oor and was
the ¢rst site to recover Jurassic ocean crust in
the Paci¢c [3], and Hole 801C penetrated 129 m
into basement (mib) rock. On returning to the
site, ODP Leg 185 deepened Hole 801C to 470 m
into igneous rock [4]. Ages of the rocks from Hole
801C basement were determined to be 165 Ma [5],
which is similar to the initial age determination
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for Leg 129 rocks of 170 Ma [6]. These dates place
801C very close to the time of the birth of the
Paci¢c Plate based on paleomagnetic and paleon-
tologic data [1].

Mid-ocean ridge basalts (MORBs) older than
80 Ma appear to have lower Na2O than basalts
from ocean ridges today, suggesting thicker crust
and hotter ocean mantle in the past [2]. This may
have been due to the rise of the Cretaceous super-
plume, which spawned oceanic plateaus in the
Paci¢c. Hole 801C is a critical datum for the
chemistry of ancient MORBs because it predates
the formation of Paci¢c oceanic plateaus from
125 to 80 Ma related to the Cretaceous super-
plume event [7].

Chemical comparison of Cretaceous and older
basalts with modern basalts is complicated by sea-
£oor weathering of the old basalts. Primary igne-
ous minerals are replaced with secondary, low-
temperature minerals, and void spaces and frac-
tures are ¢lled with clays and other minerals,
which result in changes in the composition of
the whole rock. Unaltered basalt glass can accu-
rately record the original basalt composition, and
glass that experiences limited interaction with sea-
water can remain unaltered for millions of years.
In Hole 801C, signi¢cant quantities of glass from
the exteriors of basalts were preserved. These
glasses allow us to examine how the EPR crustal
composition and underlying mantle at 170 Ma
di¡er from the present EPR. These 801C basalts
along with modern EPR basalts span the full age
of the Paci¢c Plate, and no signi¢cantly older sea-
£oor glasses are likely to be found in the Paci¢c
Basin. Hole 801C could reveal if hotter upper
mantle existed back to 170 Ma, or if it was asso-
ciated with the Cretaceous superplume in the Pa-
ci¢c.

2. Samples, methods and results

At Hole 801C, the upper 27 m of volcanic rocks
are younger (157 Ma) and more alkalic than the
lower units (165^170 Ma) [5,6,8]. The upper 27 m
of basement is separated from the lower sections
by a 20 m thick hydrothermal unit [9]. Below the
hydrothermal unit is a 65 m thick zone of lava

£ows, which on the basis of its physical proper-
ties, structure and chemistry appears to have
erupted o¡-axis [10] and is not necessarily repre-
sentative of normal, fast-spreading oceanic crust.
Below these o¡-axis basalts are basaltic pillows
and £ows, massive basalts, breccias and inter£ow
hyaloclastites, all of which appear to be MORBs
based on shipboard determinations of mineralogy
and whole rock chemistry [4].

A layer of volcanic glass 1^2 cm thick forms on
the exteriors of subaqeous lavas, because they are
rapidly quenched by contact with seawater. Vol-
canic glass is metastable in seawater, but is not
completely transformed to secondary minerals
even in these 170 Ma basalts. Volcanic glass pro-
vides the truest indication of the composition of
magmatic liquids because the microbeam tech-
niques used to analyze glass can avoid included
minerals and secondary alteration, both of which
in£uence chemical analyses of whole rocks. A to-
tal of 36 glass samples were collected from every
location where it was preserved at Hole 801C.
(See Appendix for descriptions of glass containing
units.) Some notable occurrences of glass were
from chemically distinct lavas in Core 5 just be-
low the hydrothermal unit, from zones of abun-
dant glass (Cores 12, 23, 28 and 42) and from
basalt associated with inter£ow sediment (Core
27).

Twelve-element electron microprobe analyses
(Table 1) were acquired with a four-spectrometer
CAMECA SX-50 at Oregon State University. De-
tails of beam conditions, counting times and stan-
dards were published previously [11]. Thirty-six
analyses of our internal standard (USNM
113498/1 VG-A99 [12]) were collected during the
same analytical sessions as the 801C glasses. The
precision of these analyses is indicated by the
standard deviations of the 36 analyses (Table 1).
The accuracy [(measured3accepted)/accepted, in
percent] of seven major elements is within 1% of
the accepted values (Table 1).

Five of the glasses from 801C were also ana-
lyzed for trace element chemistry (Table 2) by
laser ablation inductively coupled plasma-mass
spectrometry (ICP-MS) at Boston University, us-
ing a VG/Merchantek Microprobe II 213 nm laser
ablation system coupled with a VG PQ ExCell
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quadrupole ICP-MS. Analyses were acquired us-
ing a 100 Wm spot size, and time-resolved laser
data were averaged over 30 s, background-sub-
tracted and normalized to Ti as an internal stan-
dard. Trace element concentrations were calcu-
lated by calibrating with three USGS basalt
glass standards (BHVO-2G, BCR-2G and BIR-
1G) and ICP-MS solution data for picked chips
of the same glasses. Repeat laser analyses show
reproducibility of 6 3% relative standard devia-
tion for Sr, Nb, Y and U. Comparison of the laser
results to solution ICP-MS analyses of chips of
the same glasses shows 6 5% di¡erence between
the two techniques for the same elements.

The smooth variations of MgO, CaO, FeO and
P2O5 (Fig. 2A^C) as well as SiO2, Al2O3, TiO2

and K2O (not shown) are consistent with the liq-
uid line of descent of magmas experiencing crys-
tallization. The chemical variations displayed by
801C basalts are the consequence of cooling of a
basaltic magma reservoir in which olivine, plagio-
clase feldspar and clinopyroxene are crystallizing.
Elements more abundant in the crystallizing as-

semblage than in the residual liquid are removed
from the liquid (for example, CaO and MgO,
which both decrease as crystallization proceeds,
Fig. 2A). Elements less abundant in the crystalliz-
ing assemblage of minerals than in the residual
silicate liquid (for example, FeO and P2O5, Fig.
2B,C) increase in the liquid as crystallization pro-
ceeds. A fractional crystallization model [13]
shows the expected changes in MgO, CaO, FeO
and Na2O (Fig. 2A,B,D) as a result of crystalli-
zation of a magma with a composition equivalent
to the glass found in Hole 801C Core 42 (Table
1).

Only the MgO^Na2O variation diagram (Fig.
2D) does not support the hypothesis that all mag-
mas are related by crystallization. Eight glasses
with 5.9^6.7 wt% MgO have Na2O that falls be-
low the trend of the rest of the glasses from 801C
and well below the MgO^Na2O trend of the
present day EPR. These low-Na2O glasses could
be from a separate magma system or could result
from higher percentages of melting of the under-
lying mantle than the bulk of the basalts at this
site. Both of these hypotheses seem unlikely, as
only Na2O deviates from the MgO trends. P2O5,
K2O, TiO2 and incompatible trace elements
should also deviate from linear MgO arrays in
the same manner as Na2O if mantle or magmatic
processes were responsible for the eight low-Na2O
basalts. Yet P2O5, Zr, La (Fig. 2C,F,G) and other
incompatible elements (not shown) form linear
MgO-element arrays. This low Na2O relative to
P2O5 is demonstrated in Fig. 2E, where the Na2O
of the eight glasses falls to the left of other glasses
from Hole 801C and also to the left of the ¢eld
that contains EPR basalts.

We suggest that the low Na2O of the eight
glasses is an analytical artifact due to the hydra-
tion of these glasses by prolonged contact with
water. In electron probe analysis the intensity of
Na X-rays is known to decrease with time. This
decay is more rapid in hydrous glass [14]. In-
growth of Si and Al X-ray intensity occurs in
some glasses as a consequence of sodium decay
[15], which may account for the high totals for
three of the low-sodium glasses (Table 1). The
Hole 801C glasses a¡ected by sodium loss there-
fore fall outside the ¢eld for glasses from 801C

Fig. 1. (Top) Map locating ODP Hole 801C in the western
Paci¢c. Hole 801C, 18‡38.538PN, 156‡21.588PE, 5674 m water
depth. (Bottom) Plate reconstruction showing the location of
the Paci¢c Microplate at 170 Ma [1,33].
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Table 1
Major element chemistry of Hole 801C volcanic glass (wt%)

Samplea mibb nc Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 Cr2O3 MnO FeO Sum

129 801C 5 R 3 101 102 4A 41.8 7 2.70 7.50 15.69 50.16 0.24 0.15 0.57 11.75 1.80 0.08 0.12 9.21 99.96
129 801C 5 R 4 36 37 2B 42.6 11 2.18 9.29 17.24 48.98 0.06 0.14 0.01 12.95 0.97 0.09 0.11 8.60 100.63
129 801C 12 R 1 57 61 11 94.9 9 2.71 6.24 13.02 49.89 0.17 0.21 0.13 10.98 2.31 0.01 0.15 13.61 99.43
129 801C 12 R 1 75 79 13 95.1 8 2.66 6.20 13.11 49.73 0.18 0.29 0.13 10.85 2.30 0.03 0.18 13.52 99.20
129 801C 12 R 1 149 150 23 95.8 9 2.68 6.28 12.95 49.45 0.17 0.21 0.12 10.91 2.29 0.01 0.19 13.41 98.67
129 801C 12 R 2 21 28 2 96.0 6 2.70 6.28 13.00 49.51 0.18 0.21 0.13 10.99 2.31 0.01 0.15 13.44 98.89
185 801C 16 R 5 107 113 13 137.0 11 2.42 5.89 12.99 49.41 0.29 0.29 0.19 10.49 3.06 0.02 0.22 15.28 100.57
185 801C 17 R 3 85 91 6 143.6 9 2.67 6.05 12.63 49.44 0.21 0.22 0.15 10.59 2.65 0.01 0.20 14.48 99.28
185 801C 18 R 1 47 49 9 149.7 12 2.65 6.18 13.10 49.58 0.20 0.27 0.14 10.76 2.47 0.01 0.17 14.24 99.76
185 801C 22 R 3 7 14 2 183.4 12 2.60 6.64 13.33 49.82 0.16 0.21 0.14 11.06 2.13 0.01 0.18 12.81 99.10
185 801C 23 R 1 13 16 3A 189.0 5 2.43 6.51 13.36 49.45 0.18 0.19 0.15 11.12 2.19 0.02 0.17 12.93 98.68
185 801C 23 R 1 109 111 9 190.0 6 2.53 6.63 13.42 50.00 0.19 0.19 0.14 11.13 2.21 0.02 0.19 13.25 99.89
185 801C 23 R 3 50 55 4 192.1 3 2.38 6.54 13.63 50.23 0.19 0.25 0.13 11.22 2.20 0.00 0.15 13.49 100.41
185 801C 23 R 4 0 3 1 193.0 3 2.45 6.68 13.81 50.45 0.16 0.27 0.14 11.37 2.25 0.00 0.16 13.88 101.61
185 801C 24 R 1 90 92 10 199.2 6 2.68 6.56 13.29 49.51 0.16 0.26 0.13 11.09 2.19 0.03 0.16 13.25 99.31
185 801C 25 R 1 2 4 1A 207.7 9 2.59 6.82 13.70 49.75 0.15 0.24 0.11 11.32 2.10 0.04 0.18 13.12 100.12
185 801C 27 R 3 0 5 10 1 229.5 12 2.48 7.16 14.21 49.85 0.14 0.23 0.13 11.86 1.88 0.26 0.16 11.78 100.12
185 801C 28 R 1 88 102 2 236.6 9 2.43 7.14 14.03 49.52 0.14 0.23 0.13 11.69 1.84 0.32 0.16 11.52 99.14
185 801C 28 R 2 67 71 2 237.7 12 2.44 7.54 14.30 49.67 0.13 0.23 0.10 11.80 1.73 0.37 0.17 11.31 99.80
185 801C 28 R 2 118 122 9 238.2 9 2.42 7.44 14.40 49.80 0.14 0.23 0.12 11.97 1.72 0.37 0.16 11.41 100.17
185 801C 28 R 3 37 43 2 238.9 9 2.40 7.69 14.24 49.51 0.14 0.24 0.11 12.07 1.78 0.28 0.16 11.59 100.23
185 801C 28 R 3 53 58 4 239.1 12 2.44 7.86 14.29 49.55 0.13 0.22 0.11 11.80 1.70 0.24 0.17 11.32 99.83
185 801C 28 R 3 86 90 8 239.4 9 2.41 7.47 14.35 49.70 0.12 0.23 0.10 11.92 1.74 0.33 0.16 11.35 99.89
185 801C 28 R 3 90 93 9 239.4 12 2.46 7.60 14.49 49.69 0.14 0.28 0.11 12.02 1.75 0.27 0.15 11.51 100.46
185 801C 29 R 1 20 32 2 254.1 6 2.16 6.34 13.21 49.46 0.19 0.36 0.13 10.98 2.49 0.15 0.19 13.75 99.41
185 801C 34 R 2 70 73 2B 294.2 6 2.34 6.39 13.09 49.16 0.20 0.32 0.15 10.68 2.43 0.04 0.17 13.89 98.88
185 801C 34 R 3 104 106 6 296.1 9 2.19 6.30 13.18 49.02 0.19 0.34 0.15 10.82 2.46 0.01 0.19 13.84 98.69
185 801C 35 R 3 29 32 1 304.9 9 2.69 6.41 13.19 49.87 0.21 0.34 0.15 10.77 2.43 0.10 0.19 13.98 100.33
185 801C 35 R 4 63 74 2 306.8 3 2.65 6.30 13.18 49.77 0.19 0.35 0.14 10.71 2.42 0.05 0.19 13.84 99.79
185 801C 42 R 2 63 65 3 368.8 9 2.42 8.26 15.01 49.68 0.11 0.24 0.08 12.22 1.38 0.19 0.15 10.27 100.00
185 801C 42 R 2 100 106 7 369.2 9 2.36 8.16 15.19 49.53 0.10 0.24 0.08 12.42 1.36 0.35 0.15 10.08 100.02
185 801C 42 R 2 116 120 10 369.4 12 2.42 8.20 15.18 49.67 0.11 0.18 0.08 12.27 1.35 0.03 0.14 10.18 99.83
185 801C 46 R 1 45 51 3 405.5 9 2.56 6.83 13.43 49.71 0.17 0.23 0.14 11.41 2.02 0.02 0.19 12.92 99.62
185 801C 48 R 1 85 88 2D 424.6 9 2.37 6.66 13.34 48.96 0.18 0.23 0.14 11.43 2.06 0.02 0.20 12.74 98.34
185 801C 48 R 2 60 62 6 425.6 9 2.65 6.69 13.45 49.67 0.16 0.22 0.14 11.14 2.05 0.01 0.19 12.82 99.20
Standard VG99 (measured) n.a. 36 2.64 5.07 12.49 50.96 0.43 0.02 0.83 9.23 4.03 0.02 0.20 13.29 99.21
Standard VG99 (accepted)e n.a. n.a. 2.66 5.08 12.49 50.94 0.42d n.r. 0.82 9.30 4.06 n.r. 0.15 13.30 99.22
Standard VG99 precisionf n.a. 36 0.09 0.04 0.10 0.25 0.03 0.01 0.03 0.15 0.09 0.01 0.02 0.23
Standard VG99 accuracyg n.a. 36 30.8 30.1 0.0 0.0 3.4 n.a. 1.5 30.7 30.7 n.a. 31. 30.1

n.a., not applicable; n.r., not reported. Samples in bold italics are o¡-axis eruptions. Samples in bold plain text have low Na2O,
as discussed in the text.
a Leg, Hole, Core, Section, top cm, bottom cm, piece.
b mib, meters into basement.
c n, number of spot analyses.
d E. Jarosewich, personal communication.
e Smithsonian standard USNM 113498/1 VG-A99 [12].
f Standard deviation.
g (Measured standard3accepted standard)/(accepted standard) in %.
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and the EPR (Fig. 2D,E). We consider the 801C
glasses that are within the EPR data ¢elds to be
una¡ected by hydration.

One of the hydrated glasses (23R1-13-16) was
analyzed for trace elements by laser ablation ICP-
MS. Trace elements such as Rb and U are highly
enriched in oceanic crust during sea£oor altera-
tion and thus are sensitive indicators of the degree
of alteration. Glass 23R1-13-16 has the highest
Rb concentration of the ¢ve glasses selected for
laser work and also has slightly higher Rb/La,
reinforcing the interpretation that the low-Na
glasses have been altered. Most other trace ele-
ments in this glass appear to be una¡ected by
the hydration. The remaining four glasses (Table
2) have average Ba/Rb of 13.4 and average U/Th
of 0.40, which are both typical of NMORB (Ba/
Rb = 11.3, U/Th = 0.39) [16] and indicate that
these glasses are indeed pristine.

In igneous rocks, the abundance of incompat-
ible elements (those with higher concentrations in
silicate melts than in the assemblage of coexisting
minerals) is related to the amount of mantle melt-
ing and the amount of magma crystallization. In
Hole 801C the incompatible elements P, Zr and
La all vary by a factor of 2 (Fig. 2C,F,G, respec-
tively), and this variation can be attributed to
crystallization. The ratios of incompatible ele-
ments such as P2O5/TiO2, La/Sm and Zr/Y are
generally insensitive to crystallization and are
constant for this site (Fig. 2C,F,G). Incompatible
element ratios in basalts can be a¡ected by the
composition of the mantle and the amount of
melting (F) it undergoes. But if Fs 0.10 and rel-
atively constant ( V 0.02), then incompatible trace
element ratios are relatively insensitive to F. If
these conditions are met for 801C, then the con-
stant trace element ratios imply that the mantle
source was chemically invariant during the time
that the 801C lavas were generated. This is sup-
ported by a nearly constant Zr/Y of 3.04 ( V 0.14,
1c, n= 28) from shipboard analyses of the mini-
mally altered whole rocks from Hole 801C [4].

A trend to low Zr and low Zr/Y starting at
about 120 mib [4,8] indicates that these basalts
are a¡ected by either a change in the composition
of the mantle source or a relatively large change
in melting conditions. The depth of the change inT
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chemistry corresponds to a change in physical
properties [10,17] and the upper 120 m of Hole
801C thus appears to be the product of o¡-axis
volcanism. These lavas may not be representative
of normal ridge volcanics and the glasses pre-
served within this sequence (Cores 5 and 12)
were not included in comparisons of modern
and ancient EPR basalt.

3. Discussion

For comparison to Hole 801C, we have selected

218 basalt glasses between 2‡S and 23‡S on the
EPR for which major element data are available
[18^21]. This section of the EPR was chosen be-
cause its present spreading rate is close to that of
the calculated rate when Hole 801C formed (153
mm/yr) [1]. Today the spreading rate on the
southern EPR is 150 V 5 mm/yr from 3‡S to
23‡S [22,23].

Many of the major elements of the Hole 801C
glasses fall within the chemical ¢elds de¢ned by
young EPR basalts. Modern EPR glasses are, for
example, indistinguishable from 801C in terms of
CaO and MgO (Fig. 2A). This implies similar

Table 3
Na2O and FeO adjusted for crystallization

Source Na8
d Na8 Fe8

d Fe8

(wt%) (1 S.D.)e (wt%) (1 S.D.)

801C (this study)a 2.21 0.16 10.77 0.35
801C (this study)b 2.39 0.05 10.57 0.30
801C (this study)c 2.34 0.06 10.54 0.43
801C [2]f 2.33 0.08 9.83 0.24
EPR 3^22‡S (this study) 2.37 0.21 9.47 0.82
EPR regional average [2] 2.66 0.15 9.93 0.37
MORB s 80 Ma [2] 2.20 0.18 9.98 0.63
a Klein and Langmuir model [24].
b Linear regression through 801C data projected to 8% MgO.
c Liquid line of descent model [13], projected to 8% MgO.
d Na8 and Fe8 de¢ned [24].
e One standard deviation.
f The lower Fe8 value derives from the newly acquired deep samples in this study and the use of whole rock chemistry in the
previous study [2].

6

Fig. 2. (A^D) Selected MgO variation diagrams for Hole 801C basalt glass. Triangles are 801C Cores 5 and 12 and are the ba-
salts that erupted o¡-axis. Open circles and circles with bars are 801C Cores 16^48. Circles with bars are the eight samples that
have low Na2O as discussed in the text. Dots are present day basalts from the EPR from 3‡ to 22‡S. Solid lines are the calcu-
lated chemical changes in a magma as a consequence of crystallization [13]. Arrows indicate the compositional changes expected
for a cooling and crystallizing magma. (A) CaO vs. MgO. (B) FeO vs. MgO. Iron is total iron as FeO. (C) P2O5 vs. MgO.
Squares are the ratios of P2O5 to TiO2 in wt%. (D) Na2O vs. MgO. The samples indicated by circles with bars appear to have
low Na2O as a consequence of glass hydration. (E) P2O5 vs. Na2O. Low sodium is not associated with lower incompatible ele-
ments such as phosphorus. Same symbols as (A^D). (F) Zr and 20UZr/Y vs. MgO. 801C samples are solid and modern EPR ba-
salts between 6‡ and 22‡S are open symbols. Modern data [25]. Squares are modern EPR and s 80 Ma basalts [2]. (G) 801C La,
circles, and La/Sm, triangles. Solid symbols are new analyses and open symbols are existing whole rock and glass analyses deter-
mined by X-ray £uorescence and ICP-MS [25,26]. (H) Na2O vs. FeO of mantle melts and magmas evolved from these melts by
fractional crystallization, and Fe8 and Na8 of three groups of basalts. Heavy solid line with dots at 1.2, 2, 3 and 4 is the pooled
mantle melts at 1.2^4 GPa where melting is 50% fractional melting and 50% equilibrium melting [13]. The solid line with open
circles is the locus of magmas with 8% MgO derived from mantle melts by crystallization at 0.4 GPa. The dotted line shows the
evolution of one of the pooled melts (1.2 GPa) to a magma with 8 wt% MgO at 0.4 GPa. The three ¢elds are the Na8 and Fe8

of modern EPR glasses from 3‡ to 22‡S, no hatch; s 80 Ma basalts [2], diagonal hatch; and the 801C basalts, gray. The sizes of
the s 80 Ma and 801C boxes represent the standard deviation of the Na8 and Fe8 values.

EPSL 6299 11-9-02

M. Fisk, K.A. Kelley / Earth and Planetary Science Letters 202 (2002) 741^752 747



parent magma compositions and it also implies
similar pressures (depths) of crystallization for
the two populations. Pressure a¡ects the temper-
ature of the ¢rst appearance of calcic pyroxene,
which results in lower CaO at similar MgO for
magmas that crystallize at high pressure com-
pared to those that crystallize at low pressure
[13]. Other elements, such as P2O5 (Fig. 2C),
TiO2 and K2O (not shown), are also similar in
the present EPR and in 801C. Some 801C major
elements, such as Na2O (Fig. 2D), SiO2 and
Al2O3 (not shown), are shifted to the lower edge
of the ¢eld of values for the EPR. In contrast to
those elements, FeO is above the ¢eld of EPR
basalt glasses (Fig. 2B).

Interlaboratory biases of microprobe data have
been documented for some elements [11,13], but
these biases would not account for the di¡erences
between modern and ancient Paci¢c basalts as
documented here. The southern EPR glasses
were analyzed by electron microprobe at the Uni-
versity of Hawaii and the Smithsonian Institution,
both of which use the same internal glass stan-
dard (A99) as is used at Oregon State University
[18^21]. This common internal glass standard
(A99) [12] for all major element analyses in Fig.
2 indicates an internal consistency of these glass
analyses, and that a real di¡erence exists between
old and young EPR MORB major element chem-
istry.

3.1. Fe8

Total iron (FeO) in a basalt that has been ad-
justed to account for fractional crystallization has
been termed Fe8 [24]. Applying this adjustment to
801C basalt glasses gives an Fe8 value of
10.77 V 0.35 wt% (Table 3, Fig. 2H). Alternative
methods of estimating Fe8 are to apply a linear
regression to the data and to calculate a liquid
line of descent for the basalts [13]. Linear regres-
sion gives an Fe8 of 10.57 V 0.30 (Table 3), the
liquid line of descent gives a similar Fe8 value
of 10.54 wt% for 801C basalts. The similarity of
these three calculations indicates that the high Fe8

value of these samples is not an artifact of the
method of calculation. To be consistent with pre-
vious studies we use the Fe8 value of 10.77 for

comparisons. The Fe8 of 801C glass is higher
than all but four of the Fe8 values for ocean
ridges except those close to Iceland [24] and it is
higher than the present EPR.

The deepest ocean rifts have Fe8 values of 7.5
wt% and the shallowest ridges typically have
Fe8 = 11.5 wt% (excluding those a¡ected by hot-
spots). The Fe8 for the present EPR from 3‡ to
22‡S is 9.47 V 0.82 wt%. This present day lower
Fe8 on the southern EPR suggests a signi¢cant
change in the generation of MORBs on the
EPR between 170 Ma and the present. The value
of Fe8 for basalts older than 80 Ma is 9.98 wt%
[2], which is between that of the present southern
EPR and the 170 Ma EPR values (Fig. 2H).

If we assume that the composition of the man-
tle that generates southern EPR basalts has re-
mained constant for the past 170 Ma, then the
di¡erences in Fe8 can be interpreted in terms of
changing melting conditions, since Fe8 is rela-
tively insensitive to F but will increase with in-
creasing pressure of mantle melting. The compo-
sitions of pooled melts and their crystallization
products (Fig. 2H) suggest that ‘zero age’ EPR
basalts are the result of lower pressures of melting
than 170 Ma EPR basalt. This shift in Fe8 can be
interpreted as a change in the depth of initial
melting (P0) of 30.5 GPa, for example from 2.8
GPa for 801C to 2.3 GPa for the modern EPR
(Fig. 2H). These values are based on the projec-
tion of the centers of the 801C and EPR ¢elds in
Fig. 2H to the pooled mantle melts line. This
change in P0 corresponds to a decrease in the
initial temperature of melting (T0) of 60‡C from
170 to 0 Ma, assuming that the slope of the sol-
idus (dT0/dP0) is 120‡C/GPa [24]. The decrease in
T0 from 170 Ma to the present is consistent with
the conclusion (based on whole rock chemistry
[2]) that the initial temperature of mantle melting
today beneath ocean ridges is 50‡C less than it
was s 80 Ma [2]. The decrease in P0 and T0 cor-
responds to a decrease in the average fraction of
melting from 0.12 to 0.09, which is based on the
relationship between the average extent of melting
and P0 when P0 is greater than 0.8 GPa [24].

The di¡erence in Fe8 of ancient and modern
EPR glasses could also be caused by di¡erent
mantle compositions. As discussed below, how-
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ever, the trace elements suggest that the present
and 170 Ma EPR basalts are chemically similar.

3.2. Na8

In a manner similar to calculating Fe8, the Na8

value of a basalt is obtained by applying a linear
correction to the Na2O wt% of the basalt as a
function of MgO [24]. Applying the linear correc-
tion to the Na2O and MgO of 801C basalts results
in a value of Na8 of 2.21 V 0.16 wt%. In calculat-
ing Na8 we have excluded the eight samples which
we suspect are hydrated and thus appear to have
anomalously low Na2O, and we excluded the o¡-
axis samples (Cores 5 and 12). The Na8 of 801C is
lower than most Paci¢c, Indian and South Atlan-
tic regional averages [24]. For s 80 Ma basalts,
Humler et al. [2] obtained a nearly identical value
of 2.20 V 0.18 wt% Na8 (Table 3).

Alternative methods of calculating Na8 give
values of 2.39 V 0.05 for linear regression, and
2.34 V 0.06 for liquid line of descent (Table 3).
These Na8 values are higher than the 2.21 value
derived from the linear correction [24] and are the
same as the present southern EPR and the s 80
Ma basalts (Table 3). Thus although the linear
correction gives a higher Na8 for the present
southern EPR than 801C, this is not a robust
result. There appears to be a slight increase in
Na8 from 170 Ma to the present but this increase
may not be signi¢cant. We note that the Na8 val-
ue of 2.66 [2] for the northern EPR is much high-
er than the southern EPR and may re£ect di¡er-
ences in spreading rate.

Shallow ocean rifts (1000 m water depth) have
Na8 of 1.75 wt%, and the deepest rifts (5000 m)
have Na8 of 3.25 wt%. If we accept that the subtle
di¡erence between ancient Na8 (2.21) and modern
Na8 (2.37) on the southern EPR is the conse-
quence of changes in melting conditions and
that the mantle composition has remained con-
stant, then increasing Na8 with time (Fig. 2H)
re£ects decreasing F with time. A change in F
from 0.12 to 0.09 (as mentioned above) would
result in a small increase in the amount of
Na2O in the melt, because Na behaves as a mildly
incompatible element. This change in F is compat-
ible with the di¡erence in crustal thickness from

6.8 km at Hole 801C [3] to an average of 5.5 km
on the southern EPR [25].

Changes in mantle composition or the propor-
tions of minerals could also a¡ect Na2O. If the
abundance of clinopyroxene in the mantle varied
from 17 to 22%, then the same 0.2 wt% increase
in Na2O would occur if F remained constant at
0.10 [13]. These compensating factors make inter-
pretation of the Na8 di⁄cult and it appears that
the major elements cannot resolve whether the
change in basalt composition over time is a con-
sequence of changing mantle composition or
changing melting conditions. Trace elements, on
the other hand, provide a means for distinguish-
ing these two processes.

3.3. Trace elements

There is a large degree of along-axis geochem-
ical variation on the modern EPR. We chose a
segment of the EPR from 3‡ to 23‡S because of
its comparable spreading rate to that which gen-
erated the sequence at Site 801. The EPR from 8‡
to 15‡N (used by Humler et al. [2] for comparison
to s 80 Ma basalts) is quite di¡erent from the
EPR between 3‡ and 23‡S in terms of Na8, Zr/Y
and Sm/YbN. The trace element concentrations
and ratios of 801C glasses are, however, remark-
ably similar to those of the modern superfast-
spreading portion of the EPR (Fig. 2F,G). These
two data sets were collected by di¡erent methods;
the modern MORB trace element data were de-
termined by ICP atomic emission of glass sepa-
rates [26] and by solution-based ICP-MS of whole
rocks [27], whereas the ancient glasses were ana-
lyzed by laser ablation ICP-MS (this study) and
solution ICP-MS (not reported). While our data
suggest that no intralaboratory bias exists be-
tween laser ablation and solution ICP-MS data,
there is no interlaboratory calibration between the
modern and ancient trace element data sets.

Incompatible trace element ratios such as Zr/Y
or La/Sm can re£ect subtle di¡erences in mantle
melting when the fractions of melting are small
(0.01^0.05). If, on the other hand, melt fractions
are larger (for example, 0.09^0.12), the trace ele-
ment ratios are relatively insensitive to small
changes in F. Based on Fe8, the melt fractions
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that generated Site 801 and modern southern
EPR basalts are in the range of 0.09^0.12. This
range would have had an e¡ect on Zr/Y and La/
Sm that is less than the standard deviation of our
analyses from 801C. Thus, Zr/Y and La/Sm sug-
gest that the change in F over 170 Ma was not
enough to cause signi¢cant variations in the trace
element ratios, and that the two mantles are
chemically similar within the precision of our
analyses.

Larger amounts of melting of the same mantle
source would result in a decrease in the incompat-
ible trace element concentrations if all other con-
ditions remained the same. The e¡ect of melting
at higher pressures (with temperature and compo-
sition held constant) is to increase incompatible
elements, such as the La, Sm and Y, due to the
lowering of the partition coe⁄cients of these ele-
ments as pressure increases [28]. Thus, the larger
extent of melting inferred by lower Na8 and the
higher pressure of melting inferred by Fe8 of 801C
basalts will have had compensating e¡ects on the
trace element abundance. The partition coe⁄cient
for Na2O, on the other hand, increases with
increasing temperature and pressure [13] so melt-
ing at greater depths and higher temperatures
would result in lower Na2O but higher La, Sm
and Y.

Major and trace elements in MORBs are sensi-
tive indicators of the proximity of an ocean ridge
to mantle plumes [29]. The elevated Fe8 and lower
Na8 of 801C basalts could be interpreted as the
consequence of the in£uence of a mantle plume, if
a plume was near the EPR 170 Myr ago. The
absence of an oceanic plateau in the region of
801C argues against this, but the plateau could
have been on the adjacent Phoenix, Farallon or
Izanagi Plate (Fig. 1) and therefore not preserved.
Plume-in£uenced ridge segments, however, are
characterized by Nb and light rare earth enrich-
ment, but the 801C basalts are depleted in light
rare earth elements (Table 2) and have average
Nb/Th of 18.8, typical of NMORB (Nb/
ThNMORB = 19.4) [16]. Mantle plume chemical dis-
crimination diagrams such as that of Humler et
al. [2] also indicate that 801C basalts were not
close to a mantle plume, and we conclude that
the di¡erent chemical characteristics of the

170 Ma and the present southern EPR are not a
consequence of plume in£uence.

If deeper melting is responsible for the shift in
Fe8 erupted at 170 Ma, one might expect to see
geochemical evidence of the involvement of garnet
in the source. Garnet has a strong a⁄nity for the
heavy rare earth elements such as Yb, so the pres-
ence of residual garnet in the mantle source of
ocean island basalts causes Sm/YbN to be greater
than one in the resultant melt. The in£uence of
garnet, however, is not observed in modern
MORBs, even in localities such as Iceland [30],
where melting clearly initiates within the garnet
stability ¢eld. Our data thus do not resolve
whether garnet may have been involved in the
melt generation of these 170 Ma MORBs.

3.4. Global and regional signi¢cance

Trace elements appear to indicate that the man-
tle composition beneath the southern EPR is the
same as that which produced the Hole 801C ba-
salts, thus we do not think that the higher Fe8 at
801C is due to di¡erent mantle composition. An
alternative cause of higher P0 (and Fe8) in the
past is higher water content of the mantle. The
lavas at Site 801, however, show no indication of
volatile contents higher than at ridges today. The
lavas are not abnormally vesicular, there is no
geochemical evidence (such as high Al2O3) to sug-
gest high water content of the magmas, and the
sum of the oxides from the microprobe analyses is
close to 100% when calibrated against anhydrous
basalt glass.

An alternative cause of higher P0 is increased
mantle temperature in the past, and the lower Na8

prior to 80 Ma has been interpreted as a 50‡C
higher mantle temperature globally [2]. This high-
er temperature was not associated with higher P0

because the data compilation did not reveal a
higher Fe8 before 80 Ma. Our result of a 60‡C
higher temperature of melting (T0) at a single lo-
cation (Site 801) is a consequence of the high P0

and does not imply a globally higher temperature
at 170 Ma, but could re£ect a locally higher geo-
therm at the time of the birth of the Paci¢c Plate.
The maximum thermal variations along modern
spreading ridges are on the order of 70^150‡C
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[31] and the temperature di¡erence we observe
(60‡C) between 801C and the present southern
EPR is less than this.

4. Conclusions

Fresh basalt glass is preserved in the oldest Pa-
ci¢c Ocean crust yet recovered (ODP Hole 801C),
which seems remarkable considering the high sus-
ceptibility of glass to alteration under most geo-
logic conditions. These glasses record the compo-
sition of the nascent EPR shortly after the
formation of the Paci¢c Plate at 170 Ma. The
rate of spreading on the early EPR was similar
to rates observed today in the region of the EPR
between 3‡ and 22‡S. Basalts from this segment of
the EPR have lower FeO and slightly higher
Na2O (at similar MgO contents) than did the
EPR 170 Myr ago. These temporal di¡erences
are consistent with a shift to a smaller fraction
of melting of the mantle, shallower melting and
lower initial temperature of melting over the last
170 Ma. The two end points in basalt chemistry
(170 and 0 Ma) are clearly di¡erent, particularly
in Fe8, which implies di¡erences in either mantle
composition or melting conditions. Trace element
data show that mantle composition has not
changed signi¢cantly over the last 170 Ma and
we conclude that the relatively high Fe8 of Hole
801C basalts was the consequence of a higher
mantle geotherm than is presently found along
the southern EPR. A similar conclusion for glob-
ally distributed MORBs s 80 Ma was reached
based on Na8 rather than Fe8 [2]. Our data indi-
cate that the higher temperature (and higher pres-
sure) of initial melting at the birth of the Paci¢c
Plate was within the normal variations of mantle
temperature today and does not require a globally
higher mantle temperature in the Jurassic. Glass
chemistry from ODP sites that span the 170^80
Ma period [2] could reveal if deeper melting was a
global phenomenon in this time interval.
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Appendix

At Hole 801C chemically distinct glass from
immediately below the alkalic section (157 Ma)
was found in Core 5. All other glass was from
the deeper (165^170 Ma) ocean ridge basalts.
Four glasses from Core 12 are from within a 1.2
m interval of lava pillows and £ows (Table 1).
Glass was preserved in a breccia 168 mib and
on pillow lava rims at three locations from
175.0 to 214.8 mib. Within the short interval
220.4^224.4 mib glass is preserved at four loca-
tions on the margins of pillows and £ows. At
230.6 and 239.1 mib glass is found on pillow mar-
gins. In Core 27 at 260.9 mib glass is found in a
hyaloclastite associated with sediment just above
a 7 m thick £ow. Closely spaced concentrations of
glass were found in hyaloclastite breccias and in-
terpillow material in the 2.8 m interval from 268.0
to 270.8 mib. Glass in Core 29 is from the top of
a 14 m thick £ow. Below the glassy pillow basalt
units at 325.6^327.5 mib and 336.3^338.2 mib
there is a 60 m interval in which no glass is pre-
served. At 400.2^400.6 mib abundant glass is pre-
served in a hyaloclastite. Core 46 recovered a
glass chill margin at the base of a 7.5 m thick
£ow. The deepest glass recovered (456^457 mib)
is from a pillow basalt and the base of a thin £ow
in Core 48.
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