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(1] Abstract: Off-axis eruptions at ocean ridges provide critical information with respect to
underlying crustal plumbing and mantle melting systems. A detailed study of basaltic glass
samples around the East Pacific Rise from 12°00" to12°30'N provides geological evidence for the
existence of off-axis eruptions with a distinctive chemical composition. This composition has not
been found along the axis of the EPR from 8° to 14°N except at a ridge-transform intersection but
has been recovered in numerous locations that were farther than 1 km off axis. These off-axis
normal mid-ocean ridge basalts, or OA-NMORB, are distinguished by low Na,O, Sr, and Al,O3
and are unusually depleted in incompatible elements. Moderately enriched off-axis transitional mid-
ocean ridge basalts (OA-TMORB) with the same compositional tendencies can also be identified.
Comparison of EPR axis lavas and the OA type suggests that they come from the same range of
(unmelted) mantle source compositions but that the source of the OA magmas was depleted in
incompatible trace elements by removal of a small- degree partial melt. This would be consistent
with the OA type as an EPR pooled melt that is missing the low-degree melt fraction from deep
in the melting regime, which provides a reasonable physical model for their formation. In this
case, off-axis magmas do not represent the same range of chemical variation as magmas delivered
to the axial magma system. The OA-NMORB are similar to depleted lavas from near-EPR
seamounts. Other seamount lavas with depleted trace elements have TMORB-like major elements,
and may be classified as OA-TMORB. The similarity between seamount lavas and the lavas
erupted off axis close to the EPR suggests that the two are manifestations of the same
phenomenon. We suggest that seamount-type volcanism effectively starts within 1-2 km of the
axis. This is within the range where lavas derived from the axial plumbing system may also erupt.
Therefore there is a narrow zone where young lava flows from the axial plumbing system and
from the off-axis systems may overlap. Lavas erupted off axis may ultimately cover 20% of the
seafloor around the EPR, which is substantially more than previous estimates that were based
primarily on morphological studies.
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1. Introduction

21 The classical model of seafloor spreading
has all lavas erupted at the spreading center
axis, with the age of the volcanic surface
increasing linearly with distance. Studies of
the East Pacific Rise have shown a contrast
between some lavas sampled on axis, at the
center of the axial high, and those sampled off
axis, on the flanks of the axial high and the
adjacent abyssal hills. For example, Reynolds
et al. [1992] showed a zonation of lavas in the
12°N region, not associated with seamounts,
and suggested that the zonation reflected tem-
poral changes in the lava delivered to the axis.
Multiple studies have shown, however, that
lavas at fast-spreading ridges are not erupted
exclusively at the axis but also from near-
ridge seamounts [e.g., Batiza and Vanko,
1984] and other off-axis sites [e.g., Perfit et
al., 1994a, b]. Niu and Batiza [1997, 1998]
documented very large chemical variations of
off-axis seamount lavas and suggested that
they reflected more accurately the spectrum
of magma compositions delivered from the
mantle. The implicit assumption of these and
other studies is that while on- and off-axis
lavas may differ, the ranges of parental mag-
mas for on-axis and off-axis volcanism are
equivalent. The plumbing system on axis
mixes and modifies the spectrum of parental
magmas in diverse ways.

3] An alternative view is that the mantle melt-
ing regime delivers different magmas on and
off axis. Lavas erupted contemporaneously at
different distances from the axis may sample a
cross section of the magmas delivered from the
mantle. This is implicit in earlier work by
Batiza et al. [1989, 1990], for example. In this

scenario, because melts are produced by adia-
batic decompression of the upwelling mantle,
they would provide information about the spa-
tial distribution of melt compositions that is
relevant to the dynamics of mantle flow [e.g.,
Wilson, 1992; Niu et al., 1996].

4] These different perspectives raise the pos-
sibility that fast-spreading ridges provide the
opportunity to investigate both spatial and
temporal change in all levels of the magmatic
system. To investigate these two discrete
problems, however, it is necessary to be able
to clearly distinguish lavas that are erupted on
axis and carried off axis by spreading from
lavas that are emplaced off axis. Resolution
of these magma types then would discrimi-
nate between spatial and temporal changes in
magma composition, with implications for
both crustal and mantle processes.

;51 In theory, and on land, this resolution could
be accomplished by detailed geological map-
ping and dating. Both of these are difficult to
accomplish in the deep sea environment, and
hence forward progress requires the develop-
ment of additional approaches.

6] In this paper, we report on samples from an
intensive along- and across-strike investigation
of the East Pacific Rise between 12°00" and
12°30'N. Dredging and rock coring in an area
50 km along axis and 18 km wide recovered
144 distinct compositions from 126 sampling
locations [Reynolds et al., 1992]. As documen-
ted below, these data show that many lava
flows erupted off axis have a chemical compo-
sition that is distinguishable from lavas em-
placed at the axis. The recognition of an
exclusively off axis chemical type provides a
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new tool to address several specific problems
central to our understanding of fast-spreading
ridges. (1) What is the width of the neovolcanic
zone? (2) How common are off-axis eruptions,
and to what extent do they interfere with
investigations of temporal change by off-axis
sampling? (3) Once the off-axis lavas are
removed from consideration, what are the char-
acteristics, scale, and magnitude of temporal
change in East Pacific Rise magmatism? (4)
What produces the off-axis lava type, and what
implications does this have for melt generation
and delivery beneath the East Pacific Rise?

2. Off-Axis Volcanism: Previous
Evidence

(71 There is geological and geophysical evi-
dence for lava flows outside the ~300-600
m wide axial summit trough of the northern
East Pacific Rise (EPR). Seismic experiments
in the 9°N region have shown that the seismic
layer 2A, commonly regarded as the extrusive
volcanic section, thickens by 200—-300% be-
tween the axis and 1—-1.5 km off axis [Harding
et al., 1993; Christeson et al., 1996]. The
seismic experiment closest to our sample loca-
tions, at 12°20'—13°00'N, shows a 200—300%
increase of layer 2A thickness over 1-2 km
[Babcock et al., 1998]. Even at the volcanically
“starved” ridge north of 13°, the layer 2A
thickness increases by ~50% over the same
distance [Kappus et al., 1995]. Some of the
thickening of layer 2A might be attributed to
shallow intrusions, i.e., sill formation within
the volcanic pile, but most of it probably
represents lava flows [e.g., Christeson et al.,
1996]. Estimates for the width of the zone of
lava flows around the axis based on character-
istics of the magnetic polarity transition are
0.6—-2.0 km at the intermediate-spreading
EPR at 21°N [Macdonald et al., 1983] and
4—10 km at the superfast-spreading southern
EPR at 19°30'N [Sempere et al., 1987].

31 How lavas may actually thicken layer 2A is
not as clear. Some of the thickening appears to
result from lavas erupted on axis that flow off
axis. Studies of seafloor geology in the 9°N,
12°N, and 13°N regions show widespread
evidence of lava flows that erupted in the
neovolcanic zone and traveled 1-2 km from
the axis. This is largely based on discrete steps
in the thickness of sediment cover (but see
Perfit and Chadwick [1998] for an alternative
view). This interpretation has been supported
by the results from recent Alvin dives on
abyssal hills in the 9°N region [Macdonald et
al., 1996] and by stochastic modeling of dike
injection and lava flow patterns [Hooft et al.,
1996]. It has led to a general model in which
the size and extent of lava flows on the north-
ern EPR vary in cycles: At their maximum the
flows travel down the slopes of the axial rise,
generally as far as the first inward facing fault
scarp [Gente et al., 1986; Barone and Ryan,
1990; Reynolds, 1995].

1 There is also evidence for eruptions through
actual off-axis vents. From Alvin dives at
9°30'N, Perfit and Chadwick [1998] and For-
nari et al. [1998] describe steep-sided pillow
ridges 5—20 m high, located along fissures and
constructed of fresher-looking lava than the
surrounding seafloor. This volcanic landform
has not been observed anywhere along the EPR
axis itself and probably represents small-vo-
lume eruptions through off-axis faults and
fissures.

o] Petrologic and geochemical studies are also
relevant. The apparently asymmetrical distribu-
tion of enriched mid-ocean ridge basalt
(EMORB) and transitional mid-ocean ridge
basalt (TMORB) around the EPR axis in both
the 12°N and 9°N regions has been tentatively
attributed to off-axis eruption of enriched lavas
[Reynolds et al., 1992; Perfit et al., 1994a].
Anomalously young ages of some off-axis
basalts from 9°N that have been dated by U-
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series isotopic disequilibrium constitute one of
the strongest pieces of evidence for off-axis
eruptions [Goldstein et al., 1994].

) Other off-axis volcanism not apparently
related to layer 2A thickening, i.e., seamount
formation, has been known since the earliest
studies of the EPR. Because subcircular vol-
canic cones are not found anywhere on the
EPR axis itself, all such features are consid-
ered to form at off-axis vents. The larger
near-ridge seamounts reach a height of >200
m at a distance of 5—15 km off the EPR axis
and can continue to grow at least out to 30
km [Scheirer and Macdonald, 1995; Alexan-
der and Macdonald, 1996]. The area of
seafloor covered by such seamounts is esti-
mated to be 6% [Scheirer and Macdonald,
1995]. Smaller volcanic edifices, subcircular
features 40—200 m high, can also be unam-
biguously identified on SeaBeam maps that
have 10 m resolution [Alexander and Macdo-
nald, 1996]. Around the 9°N region these
edifices cover 7—-11% of the seafloor beyond
5 km off axis.

1121 Identifying off-axis volcanic constructions
and lava flows becomes more difficult as
their size decreases toward the resolution of
the mapping systems and the relief of the
abyssal hill terrain. Thus the line of demarca-
tion (or zone of overlap) between active ridge
axis volcanism and off-axis seamount volcan-
ism has not been well defined. Side-scan
sonar images, seafloor photographs, and sub-
mersible diving are useful in this regard, but
they are only available for limited areas. The
one existing geochemical method for identi-
fying off-axis eruptions is dating by U-series
isotopes [e.g., Goldstein et al., 1994; Perfit
and Chadwick, 1998], but this too is of
limited use because it can only be done on
a small number of samples and requires some
assumptions about lava chemical composition
and petrogenesis.

n3; Identification of individual off-axis flows
not associated with seamounts is critical for
an evaluation of spatial and temporal varia-
tions and yet is both difficult and expensive
by geological methods alone. Other ap-
proaches would be valuable. Using samples
for which the geological constraints are ade-
quate, we have identified a chemical compo-
sition that is characteristic of off-axis
volcanism and does not occur on axis. The
chemical criteria can be used to distinguish
an important class of off-axis flows, those
that were actually erupted off axis indepen-
dent of the axial magma reservoir. The ones
that we identify are > 1 km from the axial
summit depression. They are compositionally
distinct from those that were erupted on axis
(or near axis, i.e., <2 km) from the axial
magma system and carried off axis by sea-
floor spreading. The result provides a broader
data set with which to investigate the scien-
tific questions discussed above.

3. East Pacific Rise From 12°00" to
12°30'N

147 Our study of basalts from the 12°00-—
12°30'N region of the EPR recovered 61
samples between 0 and 1.0 km off axis and
another 31 samples between 1 and 10 km off
axis (Figure 1). All are from the 1989 Venture
leg 2 cruise of the R/V Thomas Washington,
in October 1989. The sampling precision dur-
ing this cruise, the first to use rock coring
[Reynolds et al., 1992], was exceptional in
comparison to classical dredging studies of
ocean ridges. The development of the rock
core technique, and real-time SeaBeam bathy-
metry matched to a Global Positioning System
(GPS)-navigated base map [Monti et al.,
1987], enabled the recovery of rock core
samples from the seafloor with locations
known to 100 m. Of the 23 dredges during
our survey, 9 were navigated by relay trans-
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Figure 1. Bathymetric map of the East Pacific Rise, 12°00'—12°30'N. Bathymetric contour interval is 100
m [Monti et al., 1987]. Regions shallower than 2700 m are shaded, highlighting the axis of the East Pacific
Rise and the summit of an off-axis seamount. The locations of 21 depleted samples identified as off-axis
eruptions (OA-NMORB) are shown as stars (rock cores) or solid lines (dredges). The six samples with names
in parentheses have compositions “in between” the OA-NMORB and NMORB. Locations of four
moderately enriched samples also believed to have erupted off axis (OA-TMORB) are shown as dashed lines
(dredges). Dashed boxes indicate the locations of Figures 2a and 2b.
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Figure 2. Examples of 12°N sample locations where the geology indicates off-axis eruptions, as discussed
in the text. (a) Bathymetric map at 20 m contour interval [Monti et al., 1987]. The shaded region shallower
than 2700 m is centered on the EPR axis. The samples shown here have the petrological signature of OA-
NMORB. The locations of VE3 and RC151 are areas of off-axis flows and seamount construction. (b)
SeaMARC I side-looking sonar image of the seafloor west of the EPR, 12°13’'—12°15'N. The locations of all
three samples from this area are shown. RC149 is a typical NMORB, while RC147 and RC148 are OA-

NMORB. The geology is discussed in the text.

ponder. This precise positioning allows much
better constraints to be placed on the spatial
systematics of the basalts.

151 Several geological data sets exist for the
12°N region: multibeam bathymetry [Monti

et al., 1987], SeaMARC 1 sonar images of
the region around the axis [Crane, 1987],
and seafloor photographs from several cam-
era tows during our study [Reynolds, 1995].
The navigation for these data has all been
tied to the GPS-navigated bathymetric map.
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Figure 2. (continued)

A number of the dredges and rock cores (16 VE3 comes from a cluster of small cones
sampled flows that can be identified as off- 20-100 m high, east of the EPR axis at
axis eruptions from the geological data. 12°13'N. Since cones do not form on the axis
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itself, these must represent off-axis eruptions.
RC151 is from the unusually flat terrain sur-
rounding those cones, which appears to have
been smoothed by off-axis lava flows that have
covered abyssal hills in this region (Figure 2a).

71 Faulting around the EPR does not begin
closer than 0.5 km to the ridge axis, so flows
that cover faults must have either traveled some
distance from vents at the axis or actually
erupted from off-axis vents. RC147 is from a
volcanic mound constructed on top of a fault
zone and represents eruptions from an off-axis
vent (Figure 2b). RC148 is from a region of
lower acoustic reflectivity that appears to be a
young flow with light sediment draping an
outward facing fault (Figure 2b). VE8 and
RC152 come from 100 m long pillow ridges
aligned along off-axis fissures. Another possi-
ble example is dredge VE27, crossing a flow
that partly covers a fault (Figure 1).

18] The samples described in the preceeding
paragraphs are normal mid-ocean ridge basalt
(NMORB), but TMORB can also erupt off
axis. West of the axis at 12°17-12°18' is a
(fault-bounded?) plateau covered by young,
glassy sheet flows and the remains of collapsed
lava lakes, nearly sediment-free, as seen in a
camera tow. The TMORB sample RC42 (K,0/
TiO, = 0.132) comes from this terrain
(12°17.62'N, 103°52.95'W). However, for rea-
sons outlined in section 4, the petrological
discussion will focus on the NMORB.

4. Geochemical Characteristics of
Off-Axis Samples

9] The glasses from the 12°N samples have
been analyzed by electron microprobe and by
direct current plasma spectrometry (DCP) at
Lamont-Doherty Earth Observatory (Tables 1, 2,
and 3). Additional DCP analyses were done at
sea, and the Ba and Sr from those analyses are
also used (Table 2). The MORB glass standard

JDF-D2 was used to calibrate both microprobe
and DCP analyses and ensures that the two data
sets are compatible.

o) The 12°N data set is representative of
MORB compositions along the entire northern
EPR, with a mean composition that is virtually
identical to the mean for the northern EPR as a
whole [Langmuir et al., 1992] and a range in
composition that encompasses the entire EPR,
with the exception of some highly fractionated
lavas that have been recovered from some ridge
offsets. Hence the data set can be used to define
the overall petrological characteristics and sys-
tematics of EPR volcanism [Reynolds et al.,
1992; Reynolds, 1995]. The MgO concentra-
tions in 12°N glasses range between 6.42 and
9.04% MgO. The data set includes 119
NMORB, 25 TMORB, and 1 EMORB.
(NMORB have K,0/TiO, < 0.090, equivalent
to Sr < 130 ppm, Ba/TiO, < 9.0, Ce/Yb <
0.95, and Ce/Sm < 0.83. The TMORB from
12°N have K,0/TiO, up to 0.205. The
EMORB has K,O/TiO, = 0.349.)

211 The recognition from geological evidence
of basalts erupted off axis enables a comparison
with the compositions of lavas erupted in the
axial graben/axial fissure zone. This compar-
ison requires a clear understanding of the
chemical systematics of axial EPR basalts,
which can be briefly systematized as follows.
A primary control on chemical variations is
low-pressure fractionation, which leads to the
covariations of most elements with MgO. We
remove this effect as much as possible by
normalizing the data to 7.3% MgO, which is
the mean for a large population of EPR lavas.
(See the appendix for discussion of the normal-
izing parameters.) A second source of chemical
variations in EPR lavas is the variation in
parental magmas between NMORB and
TMORB. Langmuir et al. [1992] showed that
the “local variation” of the EPR for both major
and trace elements is controlled by mixing
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Table 1. Sample Locations®

Distance From Geological Evidence

Sample Depth, m Latitude, °N Longitude, “W Axis, km for Off-Axis Eruption
Depleted OA-NMORB
VE3-A,B 2780 12°13.2 103°46.5' 7.04 yes
VES-A 3110 12°15.2 103°44.3-45.2' 10.37
VE8—-A,B 2770 12°6.7-7.0' 103°50.9-50.1' —2.22 yes
VEI10 2740 12°10.2-10.5 103°51.0-50.7’ —2.09 maybe
VE24-A,B 3060 12°4.70-5.00 103°43.23-43.80 10.09
VE29-A,C 2890 12°6.27-6.28’ 103°46.12-46.55 5.19
RC22 2840 12°12.46' 103°52.60’ —4.41
RC43 2730 12°17.71 103°52.60 —1.48
RC53 2750 12°05.05' 103°48.44’ 0.91
RC57 2745 12°05.16’ 103°50.35 —2.32
RC65 2790 12°06.77' 103°48.29’ 1.85
RC145 2800 12°05.85' 103°52.40' —5.93
RC147 2810 12°14.35' 103°52.25 —3.06 yes
RC148 2765 12°14.29 103°51.71’ —2.13 yes
RCI151 2890 12°13.60' 103°47.47 5.19 yes
RC152 2765 12°19.06' 103°53.12 —2.22 yes
“In Between” OA—NMORB and NMORB
VE6 2750 12°4.8-5.7 103°50.9-50.6' —2.69
VE26 2900 12°7.45-7.75' 103°45.6—46.1' 6.30
VE27-C 2780 12°5.70-5.52 103°48.18-48.57 1.30 yes
RC44 2685 12°17.80’ 103°52.30 —0.93
RC46 2705 12°17.80’ 103°50.98’ 0.93
RC144 2805 12°04.40' 103°52.80’ —6.95
OA-TMORB
VE7-A 2850 12°11.5-9.9' 103°53.1’ —6.48
VE24-D 3060 12°4.70—5.00 103°43.23-43.80 10.09
VE29-B 2890 12°6.27-6.28’ 103°46.12-46.55 5.19
VE30 2875 12°5.24-5.29 103°44.52-44.24' 8.57

Locations of dredges and rock core samples in the 12°00'—12°30'N study area are shown. All samples were collected on the Venture
leg 2 cruise in 1989. VE samples are dredges; RC samples are rock cores. The depleted OA-NMORB are defined in the text. They are
interpreted as a characteristic magma type erupted off axis, independent of the axial magma chamber, with affinities to seamount lavas.
The transitional OA-TMORB are tentatively identified as moderately enriched equivalents of the OA-NMORB. The distance of sample
locations to the ridge axis (i.e., the axial graben) is measured along flow lines perpendicular to the axis. Positive distances are to the east;

negative distances are to the west.

beween the relatively enriched TMORB and
the more depleted NMORB. A third source of
chemical variation for EPR lavas has been
identified by Reynolds et al. [1992] and further
discussed by Langmuir et al. [1992]. It is
reflected in covariations of most major ele-
ments as well as trace elements at constant
7.3% MgO and has major influence on the
composition of the NMORB [Reynolds,

1995]. The clearest signal is in the positively
correlated covariations in TiO, and FeO*, and
hence we named this signal “TiFe;3” [Rey-
nolds et al., 1992].

1221 There is strong evidence for the involve-
ment of plagioclase in creating the TiFe;3
signal, most notably a negative Sr anomaly that
is correlated with increasing TiFe; 5 [Reynolds,



Table 2. Microprobe and Shipboard DCP Analyses®

K,0/ K,0/
Sample N  SiO, TiO, ALO; FeO* MnO MgO CaO Na,0O K,O0 P,Os Sum Number TiFe;; Probe DCP  Sr TiO,
OA-N-MORB
VE3-A 8 50.51 143 1452 1038 0.18 7.82 12.18 244 0.07 0.18 99.75 59.3 —0.31 0.047 0.050 95 4.18
VE3-B 5 5071 1.04 1468 941 0.18 8.53 12.79 2.16 0.03 0.18 99.76 63.7 —0.47 0.030 0.036 71 3.82
VES-A 6 50.58 147 1438 10.61 0.18 7.62 12.13 2.71 0.07 0.12 9991 58.1 —0.48 0.045 0.044 102 3.61
VE8-A 11 50.75 1.63 1433 10.69 0.20 7.38 11.70 2.81 0.09 0.19 99.81 57.2 —0.70 0.055 0.052 102 4.83
VE8-B 17 5061 136 1465 989 020 8.15 12.14 247 0.07 0.16 99.73 61.4 0.10 0.054 0.053 99 4.47
VE10 20 50.84 1.50 1432 10.57 0.19 7.65 11.82 257 0.08 0.18 99.78 58.4 —0.38 0.054 0.039 101 4.36
VEI16 7 5051 149 1431 10.80 0.20 7.73 11.77 2,51 0.09 0.18 99.63 58.1 0.00 0.059 0.051 103 4.50
VE24-A 12 50.73 2.04 1338 13.19 023 644 1048 293 0.10 020 99.76 48.6 0.16 0.048 0.049 97 4.19
VE24-B 5 50.69 156 14.14 1124 024 738 11.51 271  0.08 020 99.78 56.0 —0.26 0.054 0.051 93 3.63
VE29-A 9 5091 1.76 13.94 11.38 022 7.10 1143 273 0.11 0.20  99.82 54.7 —0.48 0.064 0.059 98 5.66
VE29-C 11 5052 099 1487 922 0.18 854 13.13 2.12 0.04 0.14 99.80 64.2 —0.73 0.043 0.046 72 341
RC22 5 50.69 156 1447 1043 021 771 11.89 254 0.09 0.19 99.82 58.9 —0.31 0.055
RC43 5 51.02 146 1435 10.12 0.17 7.69 1200 269 0.10 0.19 99.82 59.5 —0.82 0.069
RC53 6 50.81 156 14.16 1090 0.19 748 11.56 272 0.09 0.15 99.65 57.0 —0.37 0.057 103 4.33
RC57 5 5030 139 1448 10.10 0.16 794 1237 258 0.06 0.19 99.61 60.3 —0.42 0.046 97 431
RC65 5 50.69 145 1437 1024 0.18 7.82 12.14 2.62 0.08 020 99.83 59.7 —0.42 0.053 98 4.07
RC145 5 51.00 1.69 13.87 11.03 0.20 7.33 11.78 255 0.12  0.19 99.78 56.3 —0.38 0.068 98 4.57
RC147 8 50.84 143 1451 10.12 0.19 7.78 1220 252 0.07 0.17 99.87 59.8 —0.68 0.052
RC148 5 5099 139 1440 1034 0.18 7.77 1210 241 0.09 0.19 99.89 59.2 —0.55 0.062
RC151 5 5029 1.09 1495 936 0.16 845 1294 237 0.05 0.18 99.88 63.6 —0.60 0.047 79 4.38
RC152 9 50.79 2.01 13.90 1193 021 6.63 11.08 291 0.12 022 99.85 51.8 —0.67 0.060 108 4.67
“In Between” OA-NMORB and NMORB
VE6 12 51.10 2.00 13.66 11.78 0.21 6.90 11.18 2.65 0.12 0.19 99.82 53.1 —0.19 0.058 0.061 98 5.15
VE26 7 5072 1.83 14.02 11.50 0.20 7.06 11.39 2.68 0.10 021 99.76 54.3 —0.33 0.056 0.062 104 5.02
VE27-C 9 50.52 1.38 1489 971 0.19 810 12.14 252 0.08 0.19 99.76 61.7 —0.16 0.058 0.060 111 5.27
RC44 5 50.87 193 13.72 11.76 022 6.90 11.18 2.77 0.12 0.21 99.73 53.2 —0.32 0.061 106 5.26
RC46 5 5080 197 13.86 11.75 021 6.94 11.11 274 0.14 021 99.76 53.3 —0.18 0.069 102 5.04
RC144 5 5070 197 13.76 12.03 0.22 6.78 11.10 2.84 0.12 020 99.77 52.2 —0.29 0.063 99 4.97
OA-TMORB
VE7-A 7 5044 164 1484 974 0.18 7.65 12.18 2.85 0.19 0.18 99.93 60.3 0.118 0.107 156 13.3
VE24-D 9 5043 2.15 1439 1097 021 649 1091 343 045 027 99.74 53.4 0.211 0.205 170 18.8
VE29-B 11 50.63 1.62 1476 10.01 0.18 729 1209 286 0.15 0.18 99.80 58.5 0.094 0.092 143 10.5
VE30 12 50.61 204 1447 10.59 020 6.61 11.11 337 047 025 99.77 54.7 0.232 0.192 169 20.1
JDF-D2 50.8 1.89 13.8 12.17 022 6.83 10.8 277 0.215 0.230 99.73 52.1 0.15 0.114 0.114 116 11.8
standard
Precision 0.25 0.04 0.13 0.18 0.03 0.13 0.13 0.10 0.03 0.02 029 0.05 2.83° 46° 0.26°
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1995]. There is no correlation with geochem-
ical indicators of enrichment or with radiogenic
isotope compositions, so TiFe, 3 appears to be
unrelated to mantle source composition. Be-
cause plagioclase is stable in MORB systems
only at crustal and very shallow mantle pres-
sures, the TiFe; 3 signal must originate at that
level and not in the mantle source composition
or the melting process. As will be seen below
and in Figure 4, there is no evidence of the
process that produces high values of TiFe; 3 in
off-axis lavas; therefore we believe that this
process is limited to the axial magma system.
An in-depth discussion of the TiFe; 3 process
and its implications is beyond the scope of this
paper and will instead be the subject of a
separate publication.

(23] In exploring the existence of a unique off-
axis composition this entire complex spectrum
of axial compositions and petrological systema-
tics needs to be considered. Because the geo-
chemical enrichment in TMORB can be such a
dominant influence, the following discussion of
the off-axis geochemical signature first focuses
on the NMORB alone. TMORB are discussed
in sections 5 and 7 in conjunction with sea-
mount lavas.

241 The chemical compositions of the depleted
basalts erupted off axis (solid triangles) are
compared to NMORB from the 12°N ridge
axis in Figures 3 and 4. The samples erupted
off axis have lower FeO* and TiO, and higher
CaO at the same MgO content. They also have
lower Ba and other incompatible trace element
contents and occupy distinct fields on plots of

Na;; versus TiFe;; and Sr versus TiFes ;.
Thus there is a clear distinction between
the NMORB lavas erupted on an off axis
in the 12°N region.

r2s1 This distinction is complicated by the tem-
poral zonation that exists in the 12°N region
[Reynolds et al., 1992]. Older, more sedimen-
ted lavas at 12°N have lower TiFe;; than
younger lavas, and this difference is in the
same overall direction as the on- to off-axis
distinction. An additional line of evidence,
however, suggests that the chemical distinctive-
ness of lavas erupted off axis is not related to
this temporal change.

26) NMORB samples were recovered along
the EPR axis from 8°N to 14°N during the
Chemistry of the East Pacific Rise (CHEPR)
cruise of the R/V New Horizon in April
1985, [Langmuir et al., 1986; Langmuir,
1988]. These samples reflect at zero age the
entire range of TiFe,3 that erupts over time
at 12°N. Because those data are from the
same laboratory and calibrated to the same
standards as the 12°N analyses, a precise
comparison is possible. We have selected
only those CHEPR dredges with a dredge
track entirely within 1 km of the axial
summit trough, in order to avoid any possible
off-axis flows that may have been sampled
inadvertently. (One axis sample is excluded,
CH99.1, discussed further below.) The fields
of those data are circled in Figures 3 and 4,
and they include the full range of low to high
TiFe; 3 found along the EPR. The off-axis-
type samples from 12°N do not fall on the

Notes to Table 2:

“Compositions of samples identified as off-axis eruptions in the 12°N study area are shown. Microprobe analyses were done at
Lamont-Doherty Earth Observatory. Counting times were 30 s for Na,O and K,O and 20 s for the other oxides. Corrections were applied
to the data to remove errors associated with poor sums and to normalize all analyses to the JDF-D2 glass standard (details are given by
Reynolds and Langmuir [1997]). The data here are averages of N individual analyses. Mg number was calculated assuming [Fe?" =
0.93Fe™®™. TiFe, 5 is calculated only for depleted samples that appear to lie on an olivine-plagioclase-clinopyroxene cotectic (see also
caption for Figure 3). Trace elements: Sr and Ba/TiO, in handpicked glass, analyzed by direct current plasma spectrometer (DCP) at sea
during the Venture cruise. Precision is to 2 standard deviations of a five-point average.

®Precision to 2 standard deviations.
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field of EPR NMORB, nor do they fall along
the NMORB/TMORB trend defined by lavas
from the ridge axis. In comparison to the
entire EPR zero-age data set, the 12°N sam-
ples for which there is geological evidence
for eruption off axis (solid triangles) plot in
distinct fields.

271 The distinctive signature of the off-axis
type includes the combination of low TiFe, 3
with lower Na; 3, Al;3, and Sr and incompa-
tible trace elements than is found in the axis
samples. The most incompatible elements,
Ba; 3, K73, and P, 5, exhibit almost no over-
lap with axis samples (Figures 3 and 4). Thus
the combination of major and trace elements
shows that the off-axis type is not a subset of
lavas from the EPR axis. We refer to this
distinct off-axis type as off-axis NMORB, or
OA-NMORB.

281 The clearest contrast between NMORB
and OA-NMORB can be seen when the posi-
tions on multiple plots are combined to form a
single off-axis discriminant value (Figure 5).
A single, linear discriminant based on only
major elements from microprobe data is not
adequate, but one based on both major and
trace elements (Figure 5) provides a means of
distinguishing samples erupted from the 12°N
axial magma system and those from indepen-
dent, off-axis magma systems, even in the
absence of geological information. The discri-
minant uses the correlations between TiFe 3
and Nay;, Al;3, Sr, etc., defined by the axis-
type 12°N NMORB data. For each sample the
discriminant is the sum of offsets from lines

representing these correlations. The lines are
determined by least squares fits to up to 87
samples, depending on the element. The off-
sets can be positive or negative; OA-NMORB
have negative offsets from each of these
correlation lines. This discriminant reinforces
the conclusion that the OA-NMORB are a
distinct magma type and also provides a clear
means of classifying other samples for which
the geological constraints are either ambigu-
ous or unknown.

9] All samples identified from the geological
data as having erupted off axis are either OA-
NMORB or some variety of TMORB. The
eight OA-NMORB identified by geological
evidence are shown by the solid triangles in
Figures 3 and 4. Four of these have trace
element data, and their discriminant values
are included in Figure 5. Thirteen samples
are identified as OA-NMORB on the basis of
composition alone and are the open triangles
in Figures 3 and 4. Seven of these have trace
element data and are shown in Figure 5. Six
additional samples, labeled with crosses in
Figures 3 and 4, are intermediate in composi-
tion. In total, 27 out of 58 total depleted
samples, or 46%, recovered from off-axis ter-
rain in the 12°N region are likely OA-
NMORB. In contrast, none of the samples
recovered on axis pass as the OA-NMORB
discriminant.

3o] The discriminant also helps us investigate
the entire CHEPR data set to determine how
many OA-NMORB samples were recovered
in the earlier dredging expedition. A search

Figure 3. Lavas erupted off axis in the 12°00'—~12°30'N region, compared with on axis EPR NMORB from
8° to 14°N. Solid triangles, 12°N lavas erupted off axis, as determined from geological evidence; open
triangles, 12°N lavas with the same off-axis petrological characteristics (OA-NMORB); crosses, 12°N lavas
with composition intermediate between OA-NMORB and NMORB; open diamonds, 12°N NMORB samples
located within 1 km of the axial graben; circled fields, NMORB (solid lines) and TMORB (dashed lines)
from the EPR axis 8°—14°N, limited to those located within 1 km of the axial graben, from dredges of
Langmuir et al. [1986, 1988] and from the 12°N region. Sample CH99.1 is on axis but is omitted (see text).

Error bars represent 2-sigma analytical precision.
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Figure 4. Lavas erupted off axis in the 12°00'—12°30'N region, compared with on-axis EPR NMORB from
8° to 14°N, as in Figure 3. Symbols are as in Figure 3. The compositions have been corrected for low-
pressure fractionation to 7.3% MgO, as described in the appendix. The variations in on-axis NMORB are
dominated by TiFe7.3 systematics, so the comparison with off-axis lavas is most effective when those
TiFe7.3 variations are taken into account. These plots show that the off-axis magma type does not fall along
the NMORB-TMORB continuum of axis lavas and is instead offset below those data. Major elements are
from microprobe analyses; Ba and Sr are from DCP analyses both at sea and at Lamont; and the other trace
elements are from DCP analyses at Lamont only. Error bars represent 2 sigma analytical precision. Major
element oxide corrections have the form [C; + (MgO — 7.3)b], where C; refers to the measured concentration
in the sample. TiFe; ;3 = [(Fe;3 — 11.16) + 1.5(Ti; 3 — 1.9)]. Slopes b: FeO* = 1.8; Al,03 = 0.71. Minor and
trace element corrections have the form [C(l1 — F,3)' ~— P Fy5 = {— 1.6413[(MgO — 7.3)/7.3]2} +
1.8732{abs [(MgO — 7.3)/7.3]} sign (7.3 — MgO)}. Bulk distribution coefficients D: TiO, = 0.14; Na,O =
0.69; Ba = 0.00007; K,0 = 0.001; P,Os = 0.092; Zr = 0.47; Y = 0.16.
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of the 123 CHEPR dredges from 5° to 14°N
along the EPR [Langmuir et al., 1986; Lang-
muir, 1988] reveals only eight samples from
seven dredges that fit the criteria. Three of
these have trace element data (Figure 5). The
geological settings of all but one of these
eight dredges are consistent with the samples
having erupted off axis. Two are from
dredges deliberately located well off axis
(CH101.3 at 10°12.6'N; CH102.1 at
10°15.9'N). One is from a dredge 3 km east
of the axis (CH46.1 at 10°27.8'N). Another is
from a dredge that started 4 km off axis and
crossed over the EPR summit (CHI11.2 at
13°12.2'N). Two more are from a cone next
to the ridge axis at 12°22'N (CH119.1,
CH119.3), and one is from a dredge at the
eastern tip of the 11°45’ overlapping spread-
ing center (OSC) that crossed a small cone
east of the axis (CH35.4). The one OA
sample dredged from the EPR axis is from
10°9.8'N (CH99.1), the curving tip of the
axis at the western intersection with the
Clipperton Transform. This location can be
regarded as an along-strike edge of the melt
supply for the ridge axis, similar to the
across-strike setting of the off-axis eruptions.

5. Relationship to Near-Ridge
Seamounts

311 The OA-NMORB samples have no coun-
terpart along the axis of the EPR (except one
sample at a ridge-transform intersection), but
they strongly resemble many depleted basalts
from seamounts near the EPR. For this com-
parison we consider seamount glasses with
the same range of MgO as occurs among the
12°N OA-NMORB. In addition, because the
OA-NMORB magma type is defined only
for depleted compositions, we sort the sea-
mount data to exclude enriched samples.
EPR NMORB and TMORB are normally
distinguished using incompatible trace ele-
ment characteristics, e.g., K,O/TiO,. How-

ever, EPR TMORB also have distinctive
major element characteristics that strongly
correlate with the degree of trace element
and isotopic enrichment [Sinton et al., 1991;
Langmuir et al., 1992; Reynolds, 1995]. The
TMORB have higher Al,03; and Na,O at all
MgO levels. They have lower SiO, and
CaO, especially in less evolved lavas, and
distinctly lower FeO*, especially in more
evolved lavas. This combination of major
element characteristics can be used as an
alternative means of identifying enriched
compositions.

5.1. Assorted Near-EPR Seamounts

321 For comparison with the OA-NMORB,
we have combined several seamount data sets
published by Batiza and Vanko [1984], Batiza
et al. [1989], Allan et al. [1994], and Niu
and Batiza [1997, 1998]. Their glass analyses
by electron microprobe at the Smithsonian
Institution have been adjusted by the known
difference between Smithsonian VG-2 and La-
mont JDF-D2 microprobe calibrations, so that
the analyses can be directly compared with our
data (Figure 6). The Lamont Seamounts are
excluded from the initial comparison and dis-
cussed in section 5.2. Of the remaining 122
near-EPR seamount samples in the appropriate
MgO range, 51 have “depleted” K,O/TiO,
ratios (<0.090). However, when the seamount
data are also sorted according to the major
element systematics, using the data fields of
NMORB and TMORB from the EPR axis for
reference, 29 of the seamount samples with
trace element criteria of NMORB, or approxi-
mately half, have major element compositions
in the TMORB fields (Figure 7). This is not
expected if seamount melts are produced in the
same way and from the same range of mantle
source compositions as EPR melts, in which
the major and trace element characteristics of
enriched versus depleted lavas are strongly
correlated. An explanation for the seamount
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Figure 5. Histograms displaying compositional differences between the OA-NMORB at 12°N, NMORB
axis lavas from the same region, and NMORB axis lavas from the EPR 8°—14°N. The discriminant
incorporates both major and trace elements, as described in the text, so only samples with full major and trace
element analysis are used. The dashed lines indicate the boundary between OA-NMORB and NMORB. The
data plotted here are limited to samples with high-quality trace element data on glasses, from DCP or
inductively coupled plasma-mass spectrometry (ICP-MS). Discriminant X = [(Na;3/2.68) + (Al;5/14.04) +
(Sr/104) + (Bay5/9.8) + (K7.5/0.104) + (P55/0.170) + (Zr;5/122) + (0.428 TiFe;3) + 7.08]. EPR axis data are
from 8°—14°N as in Figures 3 and 4. The three OA-NMORB samples from the CHEPR data set that have DCP
analyses are CH99.3, CH102.2, CH119.3. The EPR sample with discriminant value of 13.61 is CH119.3.
Seamount data are from Niu and Batiza [1997, 1998], discussed in section 5.1. The seamount sample with
discriminant value of 14.28 is R94-2, with anomalously (erroneously?) high Ba value of 21.7 ppm.
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data, by analogy to EPR basalt systematics, is
that the mantle source of these lavas was mildly
enriched but had lost a significant fraction of its
incompatible trace element budget extracted as
a low-degree melt before the seamount magmas
were produced. We exclude those 29 samples
as being from an enriched mantle source and
discuss them separately. The remaining 22
seamount samples have both major and trace
elements in the range of depleted EPR basalts.
They are from Seamounts 1, 3, 4, 6, 8, D, N-2,
and N-3, between 8°38'N and 13°00'N.

331 This refined data set is remarkably similar to
the OA-NMORB data from the 12°N region
(Figures 6 and 7). Some seamount lavas provide
even more extreme examples of the OA-
NMORB characteristics. Several of them extend
to even lower Sr, lower TiO,, lower TiFe; 3, and
higher SiO,. The OA-NMORB samples clearly
have greater affinity to these seamount lavas
than to NMORB from the ridge axis.

34 The discriminant developed in section 4
can also be applied to these near-EPR sea-
mount compositions. For this purpose, we are
limited to those samples that have trace
element analyses with a precision comparable
to DCP, in this case the inductively coupled
plasma-mass spectrometry (ICP-MS) data of
Niu and Batiza [1997, 1998]. Their data are
divided into samples with incompatible trace
elements in the range of EPR NMORB and
ones in the range of EPR TMORB. Those
with NMORB-like trace elements are further
divided into two groups, one with major
elements in the range of NMORB, and a
second with major elements in the range of
TMORB. Discriminants calculated for these
subsets of the seamount data are plotted
separately in the histograms of Figure 5.
Several points are evident. First, the discri-
minant does sort the seamount lavas into
NMORB and OA-NMORB in the same way
as for lavas recovered near or on the EPR.

Second, the middle right-hand plot, showing
samples with NMORB-like trace elements
and TMORB-like major elements, emphasizes
that this discriminant is only applicable to
samples in the NMORB compositional range.
Those with TMORB-like major elements
have elevated discriminant values because of
higher Na,; and Al;; that are part of the
major element signature of enriched lavas.
We interpret these samples as possible OA-
TMORB derived from enriched mantle; they
should be compared with TMORB. Sorting
them out of the NMORB data set is impor-
tant for clarifying the systematics of sea-
mount samples.

5.2. Lamont Seamounts

351 The Lamont Seamounts at 10°N are con-
sidered separately. The larger volcanoes in this
chain are the most extensively sampled and
best studied of the near-EPR seamounts. Ba-
salts from the Lamont Seamounts have been
classified in the past as NMORB, and their
average is more depleted in trace elements and
has lower ®’Sr/*°Sr and higher '**Nd/'**Nd
than nearby EPR lavas [Zindler et al., 1984;
Fornari et al., 1988; Allan et al., 1989]. Of the
glass analyses in the desired MgO range, 23
must be excluded owing to their major element
compositions in the range of EPR TMORB,
which leaves 74 samples remaining. These
have low concentrations and low ratios of
incompatible trace elements compared with
EPR samples, including low TiO,, Sr, Ce,
Yb, La/Sm, and Ce/Yb. The reason for the
relatively high Na; 3 is not known (Figures 6
and 8). Aside from the high Na; 3 the charac-
teristics of depleted Lamont Seamount lavas are
shared by the OA-NMORB.

36 The major element systematics of the La-
mont Seamounts may reflect an additional
complication of source enrichment that appears
to be correlated with the size of the seamount.
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Of the 74 samples under consideration, 44 are
from the 1 km high Lamont Seamounts (MIB,
MOK, SASHA, DTD, NEW), and 30 are from
50—200 m high cones around the base of the
large seamounts. OA-NMORB (solid circles in
Figures 6 and 8) are widespread on both the
large seamounts and the small cones. However,
all but one of the 23 samples excluded above
on the basis of TMORB-like major element
characteristics are from the large seamounts.
These samples are interpreted as OA-TMORB.
This suggests that magmas supplied to these
large seamounts have come from mantle that
was originally moderately enriched, and more
enriched than the source of the small cones.
This has not been recognized previously be-
cause inferences about mantle source enrich-
ment have been made on the basis of
incompatible trace elements and radiogenic
isotopes of incompatible trace elements. The
origin of the Lamont Seamounts is clearly
complex in detail, but many aspects of their
chemical compositions are dominated by the
OA magma type.

6. Origin of Off-Axis Magmas

371 The similarity between depleted lavas
erupted near the EPR axis and many of the
depleted seamount lavas suggests that sea-
mounts are only the largest and most obvious
manifestation of off-axis volcanism. Volcan-

ism with chemical characteristics similar to
seamounts is more widespread than would be
inferred from morphology alone. This implies
that the magmatic processes that give rise to
this chemical type are not necessarily asso-
ciated only with the substantial magma
pulses that produce seamounts but, in fact,
are more evenly distributed about the EPR
axis. Seamounts, then, may be the most
obvious bathymetric manifestation of what,
in fact, is a more general and widespread
phenomenon.

38] The similarity to depleted seamount lavas
also means that the extensive petrogenetic
discussion of the origin of the chemical
signature associated with seamounts applies
to the OA-NMORB as well. Numerous dis-
cussions of trace element compositions have
emphasized the concept that to first order,
seamount magmas sample the same mantle
sources as the EPR axis, except that indivi-
dual seamount magma compositions span a
wider range [e.g., Zindler et al., 1984; For-
nari et al., 1988; Allan et al., 1989; Niu and
Batiza, 1997, 1998]. In this model, pooling of
magmas in crustal reservoirs at the ridge axis
leads to eruption of more homogeneous com-
positions on axis. A more recent concept,
based on interpretations of major element
data, is that seamount lavas are produced in
the EPR melting regime, but interaction be-

Figure 6. Depleted basalts from seamounts near the EPR, compared with compositional fields of basalts
from the EPR axis 8°—14°N. The fields of 12°N OA-NMORB are shaded. Solid circles, Lamont
Seamounts and nearby cones, 10°N [Zindler et al., 1984; Allan et al., 1989]; plus symbols, other near-EPR
seamounts [Batiza and Vanko, 1984; Allan et al., 1994; Niu and Batiza, 1997, 1998]. Notice that the
seamount samples overlap part of the EPR axis data field but scatter into and beyond the field of 12°N
OA-NMORB. Seamount samples that have major element compositions like those of EPR TMORB have
been excluded; see text and Figures 7 and 8. Two outliers from Seamount 8, dredge 10, labeled in the Ti; 3
versus Fe; 3 plot, resemble the EPR axis basalts. These samples are from a deep dredge that may have
sampled surrounding seafloor (R. Batiza, personal communication, 1997). Electron microprobe
compositions from the Smithsonian microprobe (VG-2 standard) have been adjusted to match Lamont
microprobe calibrations (JDF-D2 standard), using the following coefficients [Reynolds, 1995]: 0.998 SiO,,
0.988 Al,0s3, 0.987 FeO, 1.047 MgO, and 1.019 Na,O. Adjustments applied to microprobe data from Niu
and Batiza’s [1997, 1998] “new” VG-2 are 0.988 Al,O3 and 1.023 Na,O.
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Figure 7. Glass compositions from near-EPR seamounts, compared with NMORB (solid lines) and
TMORB (dashed lines) data fields from the EPR axis 8°—14°N. The shaded fields represent the 12°N OA-
NMORB. Seamount samples with trace elements in the EPR NMORB field are divided into two groups.
Solid circles are those that also have major elements in the NMORB or OA-NMORB field (n = 21). Open
circles are those with major elements in the EPR TMORB field (n = 29); these samples are inferred to be OA-
TMORB, generated from TMORB-source mantle. Crosses are seamount samples that have both trace and
major elements in the TMORB field (n = 72), shown for comparison with the OA-TMORB. Seamount data

sources as in Figure 6.

tween buoyant mantle upwelling and melt
focusing under the EPR produces a different
spectrum of compositions for off-axis volcan-
ism. Batiza et al. [1989], Niu and Batiza
[1991], and Niu et al. [1996] initially pro-

posed that near-EPR seamount major element
compositions reflect a shallowing of the
mantle solidus away from the ridge, which
requires a component of buoyant upwelling
beneath the EPR. However, Niu and Batiza
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[1997, 1998] argue for seamount lavas giving
a representative sampling of the melting re-
gime. Wilson [1992] favored highly focused
active upwelling beneath the EPR and de-
scribed near-EPR seamount lavas as deep
melts of fertile heterogeneities in the mantle
that escape focusing to the ridge axis, mix
with depleted melts from refractory mantle,
and react with that refractory mantle, before
erupting at off-axis seamounts.

391 The characteristics of the OA-NMORB
suggest another possibility. OA-NMORB
have similar major element compositions to
low-TiFe; 3 NMORB from the EPR but have
systematically lower incompatible trace ele-
ment concentrations and more depleted trace
element patterns. This is consistent with the
OA-NMORB being melts from the EPR
melting regime that are incompletely pooled
in the sense that they are missing the deep,
low-degree melt fraction [Reynolds, 1995]. A
similar explanation was proposed by Allan et
al. [1989] and by Niu and Batiza [1991], to
account for the unusually depleted trace
element compositions of the Lamont Sea-
mounts. These deep melts would have strong
leverage on the incompatible trace element
compositions of a pooled melt but would
have little effect on more compatible trace
elements or major elements. Spiegelman’s
[1996] calculations of two-dimensional (2-
D) patterns of mantle flow and melt trans-
port under ridges predict specific geochem-
ical patterns in lavas, and for the case of
passive mantle upwelling combined with
melt focusing, the geochemical contrast be-
tween on-axis and off-axis lavas is remark-
ably similar to what we observe at the EPR.
In his calculation, magmas erupted a short
distance (several kilometers) off axis are
systematically more depleted in trace ele-
ments but show no significant difference in
major element compositions. This is because
the deepest, least depleted melts are more

strongly focused to the ridge axis and are
lost to these off-axis magmas. The close
correspondence between Spiegelman’s model
and the geochemical data presented here
points to dominantly 2-D mantle flow with
melt focusing beneath the EPR, without a
significant component of active upwelling.
Quantitative comparison of this model with
the 12°N data set is addressed more exten-
sively by Spiegelman and Reynolds [1999].

7. OA-TMORB Among the Enriched
Basalts

o] The discussion above has focused on the
unusually depleted OA-NMORB, but it is well
known that off-axis volcanism also produces
enriched lavas on seamounts [e.g., Batiza and
Vanko, 1984; Niu and Batiza, 1997, 1998].
Some of these enriched lavas may represent
the same petrological phenomenon as OA-
NMORB but from an enriched mantle source.
By analogy with the OA-NMORB, an OA-
TMORB should also be less enriched than
expected from the mantle source composition.
In the 12°N data set, VE7-A, VE24-D, VE29-
B, and VE30 have transitional major and trace
element compositions (Tables 1-3). However,
comparison to the other TMORB suggests that
they are offset from those compositions in the
same direction as are the OA-NMORB in
comparison with the axis NMORB, e.g., to-
ward a combination of lower Fe; 3, Tiy 3, and
Al 3, higher Si; 5 and Ca; 3 at constant Fe 3,
and lower Na,; and Sr at constant TiFe; ;.
Thus these samples are possible OA-TMORB,
equivalent to the OA-NMORB but from a
moderately enriched mantle source that could
have generated TMORB.

417 It is difficult to devise a general OA dis-
criminant for enriched samples. For depleted
samples, reference can be made to the well-
defined correlations between major and trace
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element concentrations in the ridge axis lavas,
but for enriched compositions such a reference
frame is not well defined. The boundary be-
tween depleted and transitional MORB, how-
ever, is a useful reference.

421 The NMORB-TMORB boundary has been
defined in previous EPR studies in terms of
various trace element ratios such as K,O/TiO,,
Ba/TiO,, La/Smy, Ce/Yby, and Nb/Zr. This
boundary is the point at which increasing
geochemical enrichment begins to dominate
variations in trace element compositions (after
correction for low-pressure fractionation). All
of these trace element definitions are effectively
identical in terms of whether an EPR sample is
classified as NMORB or TMORB. This bound-
ary also corresponds to a point where enrich-
ment in trace elements begins to correlate with
geochemical variations in the major elements;
for example, increasing K,O/TiO, begins to
correlate with increasing Na;3; and Al,;3 and
decreasing Fe; 3 [Langmuir et al., 1992]. This
is the case for EPR axis basalts.

431 Among off-axis and seamount basalts the
relationship between major and trace elements
is more complex. As discussed in section 5, a
large number of seamount samples with de-
pleted (N-type) trace elements have transitional
(T-type) major element compositions (Figures 7
and 8): 22 samples from the Lamont Sea-
mounts [Zindler et al., 1984; Fornari et al.,
1988; Allan et al., 1989]; 28 samples from the
near-ridge seamount samples of Batiza and

Vanko [1984], Batiza et al. [1989], and Allan
et al. [1994]; and 9 samples of those published
by Niu and Batiza [1997, 1998]. These repre-
sent 23, 22, and 16% of the samples with
depleted trace element patterns in the respective
data sets. There are similar compositions from
off-axis dredges in the CHEPR data set:
CH14.5 (12°55'N), CH15.2 (12°51'N),
CHI101.2 (10°13'N), and perhaps CH35.3
(11°42'N) and CH112.2 (11°24'N).

441 One explanation for the characteristics of
these samples is that they are OA-TMORB.
In this scenario these samples reflect deple-
tion of the incompatible elements from a
mineralogically distinct portion of the mantle
that gives rise to TMORB. The physical
mechanism of loss of low-degree melts would
the same for OA-NMORB and OA-TMORB;
the source involved would differ. Preservation
of the major element characteristics of
TMORB in the absence of the trace element
enrichment implies a mineralogical control on
the distinctive major element signature of
TMORB that goes along with the trace ele-
ment enrichment, as suggested previously
[Prinzhofer et al., 1989; Cousens, 1996;
Hirschmann and Stolper, 1996].

8. Volcanological Implications of the
Off-Axis Magma Type

451 The recognition of the off-axis magma
type allows a further consideration of the

Figure 8. Glass compositions from the Lamont Seamounts, compared with EPR data fields as in Figure 7.
All Lamont Seamount samples reported in the literature have depleted trace element compositions. Samples
from large Lamont Seamounts and from surrounding small cones resemble the 12°N OA-NMORB. The
major element compositions of other large Lamont Seamount glasses scatter toward more “enriched”
compositions, and these are inferred to be OA-TMORB. Squares, samples from small cones around the base
of Lamont Seamounts (n = 45); solid circles, depleted samples from large Lamont Seamounts (Sasha, MIB,
MOK, NEW, DTD) (n = 87); open circles, samples from large Lamont Seamounts that have enriched major
element compositions resembling TMORB (n = 22). Data are from Allan et al. [1989], adjusted as described

in Figure 6.



Table 3. DCP Analyses of Major and Trace Elements®

Si0, MgO CaO MnO TiO, Fe,O;3 Na,O K,O ALO; P,Os Sum Ba Sr Zr Y V Zn Sc Cu Ni Cr K,O/TiO,
OA-NMORB
VE3-A VE3-2 49.65 7.88 12.10 0.189 1.38 11.28 2.43 0.069 14.58 0.120 99.67 6.8 99 97 333 325 74 41.8 8 80 311 0.050
VE3-B VE3-5 49.99 865 12.85 0.176 1.03 10.35 2.19 0.037 14.70 0.088 100.07 4.5 76 69 27.8 290 74 41.1 93 93 385 0.036
VE5-A VE5-4 4945 792 11.66 0.190 1.34 11.14 2.65 0.059 15.11 0.124 99.64 4.8 102 96 332 304 76 404 79 80 242 0.044
VE8-A VEB-7 4996 7.37 11.41 0.195 1.51 11.78 2.62 0.079 1436 0.135 99.42 7.3 102 103 352 341 83 41.0 68 74 176 0.052
VE8-B VEB-2 50.16 8.18 12.09 0.182 1.30 10.84 2.49 0.069 14.72 0.127 100.16 5.8 101 87 31.3 293 80 40.8 75 91 361 0.053
VE10  VE10-6 50.08 7.80 12.00 0.193 1.45 11.50 2.53 0.057 14.32 0.129 100.06 6.5 104 96 334 320 87 429 76 77 215 0.039
VE16 VEl6-1 50.14 7.68 11.76 0.191 1.45 11.53 2.54 0.073 14.41 0.132 9990 6.3 103 96 342 326 79 41.8 72 79 221 0.051
VE24-A VE24-1 49.82 6.42 10.30 0.227 193 14.10 2.84 0.095 13.65 0.179 99.56 8.1 97 132 44.7 407 95 40.7 63 51 58 0.049
VE24-B VE24-3 50.01 7.43 11.46 0.201 1.45 12.08 2.57 0.074 1431 0.130 99.72 6.3 94 99 351 337 86 41.6 71 64 127 0.051
VE29-A VE29-11 50.05 7.21 11.16 0.202 1.65 12.33 2.60 0.098 14.16 0.162 99.63 9.1 97 115 39.7 363 89 412 70 74 198 0.059
VE29-C VE29-3 49.55 9.15 13.05 0.170 0.95 10.02 2.09 0.044 15.02 0.075 100.13 3.9 73 52 25.1 269 72 40.6 85 110 433 0.046
“In Between”’ OA-NMORB and NMORB
VE6 VE6-1 49.52 7.05 11.12 0.207 1.88 12.84 2.52 0.114 13.70 0.177 99.13 10.8 98 127 41.9 380 99 40.6 61 67 144 0.061
VE26  VE26-3 49.89 7.14 11.18 0.203 1.72 12.53 2.64 0.106 14.14 0.168 99.72 9.9 104 126 40.5 367 88 41.8 73 72 172 0.062
VE27-C VE27-11 49.99 820 12.21 0.176 1.33 10.66 2.49 0.079 14.85 0.123 100.12 6.9 111 91 31.2 294 74 425 76 94 371 0.060
OA-TMORB
VE7-A VE7-3  49.26 7.94 12.01 0.180 1.54 10.60 2.80 0.165 14.77 0.166 99.43 20.5 156 108 30.9 288 75 40.7 72 89 313 0.107
VE24-D VE24-12 49.65 6.78 11.09 0.193 1.98 11.71 3.15 0.405 14.40 0.248 99.60 37.3 170 155 39.0 344 83 42.0 80 60 140 0.205
VE29-B VE29-8 49.57 8.06 11.88 0.186 1.45 10.70 2.75 0.133 15.33 0.155 100.20 15.2 143 108 32.1 291 76 41.5 77 96 354 0.092
VE30 VE30-4 49.82 6.67 10.77 0.192 1.94 11.65 3.21 0371 14.69 0.250 99.56 39.0 169 156 394 356 83 40.8 81 61 148 0.192
JDF-D2 standard 50.1 6.75 10.73 0.218 1.86 13.4 274 0.215 13.63 0.230 99.87 22 116 158 48 350 100 41.6 62 58 83 0.116
s.d., ppm 046 039 046 0.50 0.56 0.26 0.85 2.77 0.60 1.65 6 14 2 1.1 14 3 08 3 15 25 283

“Major and trace element compositions of bulk glasses from OA-type dredge samples in the 12°N study area. Handpicked glasses were analyzed by direct current plasma spectrometer
(DCP) at Lamont-Doherty Earth Observatory. All samples within a given dredge that have a particular composition, within microprobe analytical precision, are assigned a single probe
identification. Sample name is the individual sample analyzed by DCP. The Lamont standard JDF-D2 was used in calibrations of all DCP and microprobe analyses. Here, s.d., standard

deviation.
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organization and plumbing of volcanism
around the EPR. On-axis eruptions occur in
a zone of faults and fissures along the axis of
the EPR that is 200—600 m wide in the 12°N
region. This fissure zone is typically located
within an axial summit trough [e.g., Perfit
and Chadwick, 1998; Fornari et al., 1998].
Off-axis eruptions are those that erupt
through vents outside the axial fissure zone.
Without knowledge of the field relations it
is difficult to determine whether anoma-
lously fresh lavas found off axis have truly
erupted from off-axis vents, because large
eruptions at the axis can also send lava
flows up to several kilometers away [Gente
et al., 1986; Barone and Ryan, 1990;
Reynolds, 1995]. Furthermore, the off-axis
vents could erupt either lava transported
laterally from the axial magma system or
vertically from off-axis magma systems.
Thus there is a zone where young lava
flows emplaced off axis may come from
the axial crustal plumbing system through
vents on or off axis, or may come from
off-axis magma systems that are independent
of the axial plumbing.

8.1. Width of the Neovolcanic Zone:
Evidence From 9°N

6] A widely used definition of the neovol-
canic zone of the EPR is the volcanically
active, narrow fissure zone at the ridge axis,
typically <250 m wide, in which volcanic
and intrusive activity is concentrated [e.g.,
Perfit and Chadwick, 1998]. A somewhat
expanded definition is the zone of active
volcanism roughly centered on the axial
fissure zone, though not necessarily confined
to it [e.g., Goldstein et al., 1994]. We use
this latter definition, but with one modifica-
tion. The zone of all active volcanism asso-
ciated with the spreading center extends to
the edge of the influence of the subridge
melting regime and includes at minimum the

zone of near-ridge seamount initiation out to
10 km off axis [Scheirer and Macdonald,
1995; Keeley et al., 1995]. We restrict the
definition of the neovolcanic zone to the
zone of active volcanism roughly centered
around the EPR axis, through which lavas
erupt from the axial magma system.

471 Extensive on- and off-axis sampling and
Alvin dives have been conducted in the
region between 9°30'N and 9°52'N [Perfit et
al., 1994a, b]. On the basis of visual obser-
vations of seafloor terrain during Alvin dives,
small-scale variability in lava compositions
off axis, and an asymmetrical distribution of
MgO and incompatible element enrichments
in basalt compositions around the ridge axis
at 9°30-9°32'N, Perfit et al. [1994a, b] and
Fornari et al. [1998] have concluded that a
significant part of the seafloor outside the
summit caldera has been covered by lavas
erupted from off-axis vents. Anomalously
young ages of some of the samples, as
measured by U-series isotopic disequilibrium
[Goldstein et al., 1994], are the most convin-
cing geochemical evidence of off-axis erup-
tions. Perfit et al. suggest that the petrological
characteristics of the samples recovered off
axis, particularly their heterogeneity, reflect a
combination of (1) rapid changes in the
composition of the axial melt lens combined
with a wide neovolcanic eruption zone, and
(2) additional off-axis eruptions from rela-
tively small magma bodies, including
TMORB and EMORB, that may be indepen-
dent of the main melt lens that supplies lava
to the axial summit caldera [Perfit et al.,
1994a]. On the basis of U-series ages of
anomalously young off-axis basalts, Goldstein
et al. [1994] conclude that most were erupted
0.5-2 km from the axis, with one sample
(R49-1) erupting as far as 4 km off axis.
Since they found evidence of active volcan-
ism close to the outer edge of their study
area, their ~2—4 km outer boundary of this
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zone of active volcanism is a minimum
estimate. They referred to all of this active
off-axis volcanism as ‘“‘neovolcanic.”

48] The anomalously young 9°N samples
include both NMORB and TMORB. We have
examined the published NMORB data from
9°31'N [Perfit et al., 1994a; Batiza and Niu,
1992] to see whether they correspond to the
OA-NMORB magma type. The on-axis sam-
ples are all ordinary-looking NMORB, as is
the single off-axis sample with a U-series
date that matches the age predicted from the
spreading rate. Of the five anomalously
young off-axis samples, one is a TMORB,
two are ordinary NMORB, and two are OA-
NMORB (ARC38, R49-1). The observation
that some are ordinary NMORB rather than
OA-NMORB supports the suggestion of Per-
fit et al. [1994a] that some lavas emplaced off
axis may come from the axial melt lens,
while others do not. Identification of the
OA-NMORB type helps us to determine
which lavas come from which kind of magma
system.

49] Sample R49-1 was dredged 3.8 km east of
the axis but is essentially zero age, according to
both **°Th and **'Pa secular disequilibrium.
According to the criteria defined by 12°N
samples, R49-1 is an OA-NMORB that prob-
ably did not erupt from the axial magma system
and thus does not define the neovolcanic zone.
Thus all of the anomalously young samples at
9°31'N with normal axis-type compositions
were emplaced within ~2 km of the EPR axis.
This may represent the limit of eruptions from
the 9°N axial melt lens, i.e., the neovolcanic
zone as we have defined it. The two OA-
NMORB, erupted 1.3 and 3.8 km off axis,
indicate the beginning of seamount-type erup-
tions rather than a continuation of ridge axis
volcanism. In the 9°31'N region these two kinds
of volcanism overlap in the zone from 1 to 2 km
off axis.

8.2. Initiation and Areal Extent of
Off-Axis Volcanism

5o The OA-NMORB erupt as close as 1 km
from the ridge axis in the 9°N and 12°N
areas. Since these eruptions do not necessa-
rily form volcanic constructions that are re-
cognizable from bathymetry against the
background of abyssal hill terrain, morpholo-
gical studies to estimate the extent of off-axis
volcanism lead to underestimates. For exam-
ple, previous conclusions that seamount vol-
canism starts at ~5 km off axis [Scheirer
and Macdonald, 1995; Alexander and Mac-
donald, 1996] or even 2 km [Keeley et al.,
1995], were limited by the resolution of
multibeam bathymetric mapping systems to
subcircular edifices at least 40 m high. It
appears that eruptions from off-axis magma
systems, and the initiation of seamount con-
struction, actually begin as close as 1 km
from the axial fissure zone.

;511 These off-axis magmas must pass through
the crust close to the ridge axis. Seismic mea-
surements of the full width of the axial melt sill
in the 9°N region range from 500 to 1200 m
(with one extreme value at 4100 m) [Kent et
al., 1993]. On the southern EPR, measurements
of the sill width range from 300 to 1540 m
[Kent et al., 1994; Hooft et al., 1997]. Seismic
attenuation measurements at 9°30'N place a
limit of 1-2 km on the full width of the magma
chamber defined as a region containing more
than a few percent melt [Wilcock et al., 1995].
Even if the magma chamber is not centered on
the ridge axis, it is possible that off-axis mag-
mas may erupt as close as 1 km from the axis
without being intercepted by the axial magma
system. In fact, the correspondence between the
seismic results and minimum off-axis distance
of OA-type lavas suggests that the width of the
axial magma body may be the factor that limits
the proximity of OA-type eruptions to the ridge
axis, because of that potential for interception.
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521 Previous estimates of the areal extent of
off-axis volcanism around the northern EPR
have also relied on identification of sea-
mounts in bathymetric maps. Seamounts tal-
ler than 200 m form between 5 and 15 km
and cover 6% of the seafloor [Scheirer and
Macdonald, 1995]. Seamounts 40-200 m
high form between 5 and 10 km and cover
7-11% of the seafloor [Alexander and Mac-
donald, 1996]. The sum of the two size
ranges is 13—17%, but this is an overesti-
mate because smaller seamounts that develop
into larger ones over time [Fornari et al.,
1987; Keeley et al., 1995; Alexander and
Macdonald, 1996], as they move from 5 to
15 km off axis, would be counted twice.
Thus the area covered by near-ridge sea-
mounts >40 m high is probably closer to
the maximum estimate for the smaller ones,
~11% of the seafloor.

1531 However, on the basis of the 12°N data, it
appears that the areal extent of off-axis erup-
tions is significantly larger if flows and edifices
<40 m high are included. In our study area,
39% of the dredges from >1 km off axis that
contain depleted samples (55% with “in be-
tween” samples) and 33% of the depleted rock
core samples from >1 km off axis (43% with
“in between” samples) are OA-NMORB. Ex-
amination of the SeaMARC I sonar images and
the seafloor photos suggests that this is higher
than the proportion of the 12°N seafloor actu-
ally covered by off-axis eruptions. The combi-
nation of petrological and geological
information suggests that off-axis eruptions in
the 12°N region form a thin veneer over 10—
40% of the seafloor, perhaps ~20%.

9. Conclusions

(541 Sampling of lavas off axis around the EPR,
along with geological study of sampling loca-
tions, has brought to light a distinctive magma
composition that can be used to identify off-

axis eruptions that do not come from the axial
magma system. This OA-NMORB magma
type, which is not found on the ridge axis
(except at a ridge-transform intersection) but
can occur as close as 1 km to the axis, is a
widespread phenomenon near the northern
EPR. It appears to represent the initial eruptions
that in some cases subsequently lead to the
formation of off-axis seamounts.

i5s1 The OA-NMORB compositions are char-
acterized by unusual depletion in trace ele-
ments, with lower concentrations and ratios of
incompatible trace elements than EPR lavas.
Their major element compositions are similar
to low-TiFe; 3 NMORB from the EPR axis,
except that they are characterized by a combi-
nation of low Fe; 5 and Ti; 5 with low Naj, 3, Sr,
and incompatible trace elements. A number of
moderately enriched OA-TMORB, which dif-
fer from EPR TMORB in the same way that
OA-NMORB differ from axial NMORB, are
identified as well. The OA-NMORB composi-
tions have strong affinities to depleted lavas
from near-EPR seamounts. Moderately en-
riched seamount lavas show the same composi-
tional tendencies; those with trace elements in
the range of NMORB and major elements in
the range of TMORB are interpreted as OA-
TMORB.

1561 The geological evidence for off-axis erup-
tion of the OA-NMORB in the 12°N region is
compelling, but limited in extent. The observa-
tion that the petrological discriminant reveals
no OA-NMORB within 1 km of the EPR axis
8°N—14°N (except one at a transform fault),
yet several were recovered dredges farther off
axis, is strong circumstantial support. The cor-
respondence between the petrological systema-
tics of OA-NMORB and the compositions and
U-series dating of 9°N lavas [Batiza and Niu,
1992; Perfit et al., 1994a; Goldstein et al.,
1994] provides direct geochemical evidence
that identifies several OA-NMORB as off-axis
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eruptions. The coherence of OA-NMORB and
OA-TMORB is consistent with the overall
physical model. The combination of these lines
of evidence makes the case for OA-NMORB as
an off-axis magma type.

(577 The areal extent of off-axis volcanism
around the EPR is more extensive than pre-
viously realized. In the 12°N region it forms a
thin veneer over 10-40% of the seafloor,
probably ~20%. These off-axis flows are
interspersed with large lava flows associated
with the neovolcanic zone that travel out from
the EPR axis [Reynolds, 1995] to thicken the
off-axis volcanic layer of the ocean crust, as
observed in seismic studies [e.g., Christeson et
al., 1996].

(589 We propose that the small off-axis erup-
tions of OA-NMORB and OA-TMORB should
be viewed as the initiation of seamount-type
off-axis volcanism. The zone of EPR axis
volcanism, defined as eruptions from the axial
magma system, overlaps the zone of seamount
generation between 1 and 2 km from the ridge
axis. The zones are not separated by a spatial
gap, as previously implied.

591 The distinctive depleted character of off-
axis magmatism appears to be a general
characteristic near the EPR and may be a
natural consequence of melt focusing toward
the ridge. Further upwelling of mantle that
has lost low-degree melts will deliver the
distinctive off-axis magma type to off-axis
vents. In this case, off-axis lava compositions
do not reflect the same range of chemical
variation as magmas that erupt in the axial
volcanic zone.

Appendix: Fractionation Correction

0] Fractionation corrections in this paper are a
slight departure from our earlier method [e.g.,
Reynolds et al., 1992]. For the major element

oxides the form of the equation is [C;3 = C; +
(MgO — 7.3)b], where C; is the measured
concentration in the sample and C,3 is the
concentration corrected to 7.3% MgO. We use
linear slopes that match calculated liquid lines
of descent for low-pressure olivine-plagioclase-
clinopyroxene (ol-pl-cpx) fractionation in EPR
compositions, using the computer program of
Weaver and Langmuir [1990] as recalibrated by
Langmuir et al. [1992]. The exception is
Al,O3. The Al,O5 trends in several subsets of
the data are significantly flatter than the calcu-
lated LLD but are consistent with one another,
e.g., among pairs of samples from individual
dredges, samples from ~1 km east of the axis
(same age?), and the samples identified as oft-
axis eruptions (discussed below). We use an
Al,Oj3 slope defined by the data. The calculated
Si0, slope varies significantly depending on
the starting lava composition. However, the
error introduced by using an average calculated
Si0; slope, rather than the range of calculated
slopes, is within the analytical precision of
SiO,, so we use the average. For the minor
elements TiO,, Na,O, K,O, and P,Os and all
trace elements, we use a fractionation correc-
tion of the form [C;5 = C(1 — F,3)" — )],
where F53 is the amount of fractionation
along an ol-pl-cpx cotectic needed to reach
7.3% MgO and D is the bulk distribution
coefficient. The equation for F;3 has been
derived from LLD calculations of F as a
function of AMgO along an ol-pl-cpx cotec-
tic, in EPR basalt compositions. The bulk
distribution coefficients D match the subsets
of the 12°N EPR data mentioned above.
Equations for the fractionation corrections
are given in the caption to Figure 4.

611 These corrections are now internally con-
sistent and match what is expected for simple,
low-pressure fractionation of EPR basalt mag-
mas. The main difference from linear correc-
tions determined empirically from the overall
slopes of the data is that the liquid lines of
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descent (LLDs) of trace elements now curve
as they should, and depend on initial concen-
tration levels, and the new correction slopes
for incompatible elements are less steep than
the empirical ones. This implies that we are
interpreting the apparent overenrichment
trends of these elements as an en echelon
series of trends resulting from “normal” frac-
tionation of a range of parental magmas. This
requires that the MgO correlate with the
degree of enrichment of the parental magma.
Justification for this approach comes from
recent work on plagioclase-hosted melt inclu-
sions by Sours-Page et al. [1999], who found
that the K,O (and, probably, P,Os) concentra-
tions in the melt inclusions from individual
depleted samples formed trends parallel to
calculated LLDs, while the suite of depleted
samples as a whole formed a steeper trend
when plotted against Mg number. Further-
more, there was also a very good correlation
between the average fractionation-corrected
K70 in melt inclusions from a sample and
the K,O in the host glass. These observations
suggest that the melt inclusions represent
components that mixed to form the parent to
the host magma and that the apparent over-
enrichment trends of incompatible trace ele-
ments in the lavas reflect parental magma
variations and melt aggregation processes,
not fractionation alone. Because we are inter-
ested in the parental magma compositions, we
run our fractionation corrections along calcu-
lated LLDs.
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