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Abstract: Basalts recovered from the Siqueiros transform exhibit a wide compositional range from primitive to
evolved compositions. The most primitive samples collected from strike-slip fault A-B, have the highest MgO
contents up to 14.91 wt%. The most evolved samples with lower MgO content were collected from the western
ridge-transform intersection. Three classes of MORBs are distinguished in the transform domain: E-MORBEs,
Primitive N-MORBs and N-MORBs. Two mantle sources are identified in the Siqueiros region. One is the
enriched mantle with highest REEs, enriched LREEs, low MgO, K,O and TiO, and high ¥Sr/*Sr isotopic
concentrations, which lies underneath the western part of the transform domain. The second source is the depleted
mantle, which lies underneath the mid-eastern transform domain. Basalts from this source have low ¥Sr/*Sr
isotopic compositions, lower REEs and trace elements and higher contents.
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1 Introduction

Transform faults separating mid-oceanic ridge (MOR) segments comprise a principal type of plate
boundary, and their effects on the generation of the ocean crust are of fundamental importance. Variations in
structural trends along active transforms provide key evidence for recent plate reorganizations, and small
changes in fracture zone azimuth indicate older periods of plate readjustment. Geophysical and geological
investigations have demonstrated that the ocean crust is thin proximal to ridge/transform intersections (Fox et
al., 1981; Stroup & Fox, 1981; Detrick & Purdy, 1980). The existence of thin ocean crust led to the idea that the
juxtaposition of a cold edge of lithosphere might affect processes of basalt generation at the ridge/transform
plate boundary (Fox, 1978; Gallo & Fox, 1979; Stroup & Fox, 1981; Bonatti & Honnorez, 1976). Melson &
Thompson (1971) are among the first to compare the petrologic differences in basalts found in transform faults
with basalts erupted along ridges. Hekinian and Thompson (1976) found that basalts from transforms tend to be
more fractionated than basalts elsewhere on ridges. Bender et al. (1983) examined the Tamayo fracture zone
which is located at the mouth of the Gulf of California at 23° N and connects the East Pacific Rise (EPR) with
the Gulf Rise. They found there were distinct chemical differences between basalt glass samples collected far
from the Tamayo Transform ('swell samples') and close to the transform/ridge intersection ('rift samples').

The Siqueiros transform is about 20 km wide, and lies between 8° 20'N and 8° 30'N, offsetting the East
Pacific Rise (EPR) axis by 138 km in a left-lateral sense (Fig. 1 INSET). The slip rate along this Ridge-Trans-
form-Ridge (RTR) boundary is approximately 63 km/Ma (half-rate) (Fig. 1). This study focus on geochemical
studies of basalts and basalt glasses from Siqueiros transform region, East Pacific Rise (EPR). Multibeam
bathymetric data collected in the Siqueiros-Alvin Diving Cruise (May 2 to June 2, 1991) was also processed
using GIS software to describe the topographic and tectonic features in Siqueiros area. Four intra-transform
spreading centers and five strike-slip faults were well constrained (Fig. 1).
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2 Geochemistry of Basaltic Rocks

Young volcanism occurs in some transform domains, especially those transforms offsetting fast- and
superfast-spreading portions of Mid-Oceanic Ridge (MOR) crest. Transform volcanism occurs either at
intra-transform spreading centers or at small, eruptive centers in transform shear zones. A series of dives and
dredges collected hundreds of samples covering the Siqueiros transform domain and its intersections with
adjacent East Pacific Rise (Fig. 1, Table 1).

During the Alvin Cruise, three broad categories of erupted lavas from the spreading centers were
described: aphyric basalt, plagioclase phyric basalt, and plagioclase/olivine phyric basalt. All of these have a
significant degree of vesicularity. A total of 39 dredges and 5 rock cores were also obtained during the cruise.
Perfit et al. (1996) conducted a preliminary study of the geochemical characteristics of young picritic basalts
from within the A-B strike-slip fault and associated N-MORB lavas recovered from the western portion of the
transform domain. One hundred and seven dredge samples are analyzed for bulk rock major, trace, and rare
elements by the Inductively Coupled Plasma (ICP) Spectrometry at the University of Houston. Sample
preparation for analysis of major, trace and rare earth elements by ICP is the same as described by Smith
(1994).

2.1 Major elemental geochemical characteristics within Siqueiros transform domain

In order to examine the major element geochemical variations of the transform domain, glass and whole
rock data are compiled from previously published work and from our unpublished data. Data are grouped based
on their specific tectonic locations and geochemical differences: western ridge-transform intersection (W.
RTI), intra-transform spreading centers (ITSCs) (A, B), intra-transform strike-slip faults (A-B, B-C), western
transform domain (including spreading centers C and D, and strike-fault C-D) and eastern tip of the East
Pacific Rise (E. T. EPR).

Waestern ridge-transform intersection (W.RTI): Samples come from dive 2 390 that covers the small
ridge that connects EPR to south wall of A-B fault. The whole-rock analyses show evolved compositions with
MgO contents of 5.54 ~ 6.37 wt%, Mg values of 44 ~ 55 (Mg value = {(Mg0/40.32)/ [Mg0/40.32+0.85*F¢,0,
(T)/71.85]}*100), CaO/AlL,O; ratios of 0.67 ~ 0.74, SiO,/Fe,04(T) ratios of 3.57 ~ 4.72, Na,0O contents of 2.84 ~
3.01 wt%, Fe,O04(T) content of 10.4 ~ 14.02. Hig hest contents of TiO, contents (2.47 wt%, 2.84 wt %) and K,0
contents (0.3 wt% and 0.73 wt %) (Table 2 and Fig. 2).

ITSC A: Samples come from dredges D38, D35, D36 and dives 2 386 and 2 389. Whole-rock analyses are
primitive to moderately fractionated with MgO contents of 7.20 ~ 9.60 wt%, Mg values of 56 ~ 70, CaO/Al, 0,
ratios of 0.65 ~ 0.89, SiO,/Fe,0; (T) ratios of 4.27 ~ 5.66, Na,O contents of 2.08 ~ 2.73 wt%, Fe,0, (T) content
0f 8.93 ~11.32 wt%. Low contents of K,0 (0.02 ~ 0.12 wt %) and TiO, (0.93 ~ 1.76 wt %) (Table 2 and Fig. 2).

ITSC B: The whole-rock analyses from dives 2375, 2376, 2380 and dredges D1, D25, D26, D27 have
uniform compositions with MgO contents of 6.10 ~ 8.40 wt%, Mg values of 54 ~ 66 (most are between 56 ~ 64,
and sample D4-8 has Mg value of 72), CaO/AlLO; ratios of 0.72 ~ 0.91 (0.64 of D25-110 and 0.63 of 2
382-10wr), Si0y/Fe,04(T) ratios of 3.57 ~ 4.71, Na,O contents 0f 2.39 ~ 3.10 wt% and Fe,O4(T) contents 0f9.12
~ 12.08 wt%. Intermediate contents of TiO, (1.12 ~ 1.97 wt %) and low to intermediate K,O contents (0.055 ~
0.293 wt%) (Table 2 and Fig. 2).

Strike—slip fault A-B:Samples from A-B fault can be divided into two groups based on their
compositional differences as designated as group A-B(E) (enriched) and group A-B(P) (primitive) (Table 2 and
Fig. 2).

A-B (E):whole-rock analyses from dives 2384, 2379 and dredges D17, D20 and D38 show evolved
basaltic compositions with MgO contents of 6.52 ~ 8.53 wt%, Mg values of 52 ~ 66, CaO/Al O, ratios of 0.66 ~
0.82, Si0,/Fe,05(T) ratios of 3.72 ~ 5.39, Na,O contents of 2.46 ~ 3.02 wi%, Fe,04(T) contents 0f9.35 ~ 13.18
wt%. Intermediate TiO, contents (1.3 ~ 2.41 wt %), high K,O contents (0.11 ~ 0.31 wt%).

A-B (P):Whole-rock samples mainly come from dive 2384 and dredges D20, D22, D23 and D24 that
covered the central portion of the A-B fault. Most of them are picritic and olivine-phyric basalts. Their
compositions are exclusively primitive with MgO contents of 8.79 ~ 14.91 wt%, Mg values of 67 ~ 78,
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Table 1 Sample Locations and Tectonic Settings
F1 RS REMIERE
SamplelD Latitude Longitude Setting Source* Method SamplelD Latitude Longitude Setting Source* Method
176565 8.3661 -103.84 A a XRF 177084 8.3811 -103.6764 AB(P) a XRF
178606 8.395 -103.9567 A a XRF 177114 8.3828 -103.6772 AB(P) d XRF
D381 8.3667 -103.9233 A a XRF 176810 8.3744 -103.6594 AB(P) d _XRF
D38-100 8.3667 -103.9233 A a IcP 176839 8.3706 -103.6617 AB(P) a XRF
D38-101 8.3667 -103.9233 A a ICP 176931 8.3708 -103.6694 AB(P) a XRF
D38-102 8.3667 -103.9233 A a IcP 238472 8.3739 036717 ASB(P) a XRF
D38-103 8.3667 -103.9233 A a IcP 23847b 83739 03,6717 AB(P) a XRF
D38-110 8.3667 -103.9233 A a icp 176992 8.3756 1036728 AB(P) a XRF
D38-111 8.3467 -103.9233 A a IcP 177023 8.3778 1036739 AB(P) a XRF
D38-112 8.3467 -103.9233 A a IcP D201 8.3483 -103.6483 A-B(P) a XRF
D38-113 8.3467 -103.9233 A a icP D20-15 8.36 -103.655 AB(P) a XRF
D38-114 8.3467 -103.9233 A a icP D20-2 8.3483 1036483 AB(P) a IcP
D38-115 8.3467 -103.9233 A a IcP D20-3 8.3483 -103.6483 AB(P) a ICP
D38-122 8.3467 -103.9233 A a IcP D20-30 8.36 -103.655 AB(P) a IcP
D382 8.3667 -103.9233 A a XRF D204 8.3483 -103.6483 AB(P) a IcP
TW74D3 8.4 -103.94 A a XRF D205 8.3483 103.6483 AB(P) a XRF
176445 8.3578 -103.83 A a XRF D256 8.3483 -103.6483 AB(P) a IcP
D353 839 -103.795 A a XRF D20-6 8.355 -103.6483 AB(P) a icpP
D35-4 8.3833 -103.8067 A a XRF D20-7 8.355 -103.6483 AB(P) a ICP
D36-3 8.4133 -103.75 A a XRF D20-8 8.355 -103.6483 AB(P) a ICP
CHEPR-64 8.382 -104.17 AB c XRF D222 8375 -103.6617 AB(P) a XRF
TW74.D6 835 -103.65 AB a XRF D223 8375 -103.6617 AB(P) a XRF
TW74D7 838 -103.68 AB a XRF D22-4 8375 -103.6617 AB(P) a XRF
23792WR  8.3906 1036 AB(E) a XRF D231 8.3833 1036733 AB(P) a icp
238413 8.3861 -103.6789 AB(E) d XRF 0232 8.375 -103.6692 AB(P) a XRF
238414 8.3883 -103.6806 AB(E) d XRF D248 8.3867 1036833 AB(P) a IcP
238442 8.37 -103.6622 AB(E) a XRF 174223 8.3931 -103.5206 B a XRF
D17-10 8.3983 -103.5983 AB(E) a IcP 1744% 8.3653 -103.5161 B a XRF
D17-102 8.3983 -103.5983 AB(E) a icP 174527 8.3639 -103.0153 B a XRF
D17-103 8.3983 -103.5983 A-B(E) a ICP 174254 8.3917 -103.5183 B a XRF
D17-107 8.3983 -103.5983 A-B(E) a IcCP 174282 8.3922 -103.5153 B a XRF
D17-109 8.3983 -103.5983 AB(E) a IcP 174313 8.3894 1035189 B a XRF
D17-11 8.3983 -103.5983 A-B(E) a ICP 174343 8.3878 -103.5228 B a XRF
D17-114 8.3983 -103.5983 AB(E) a IcP 174374 8.3819 1035225 B a XRF
D17-122 8.3983 -103.5983 AB(E) a IcP 174435 8.3694 -103.5178 B a XRF
D17-126 8.3083 -103.5083 AB(E) a icP D1-21 8.345 1035367 B a icP
D17-136 8.3983 -103.5983 AB(E) a IcP D1-22 8.345 1035367 B a IcP
D17-138 8.4117 -103.5983 AB(E) a icP D1-23 8.345 -103.5367 B a icP
D17-141 8.4117 -103.5983 A-B(E)} a ICP D1-24 8.345 -103.5367 B a ICP
D17-146 8.4117 -103.5983 AB(E) a IcP D1-25 8.345 -103.5367 B a IcP
D17-148 8.4117 -103.5983 AB(E) a ICP D1-26 8.345 -103.5367 B a ICP
D17-151 8.4117 -103,5983 AB(E) a IcP D1-27 8.3367 -103.5333 B a icP
D17-154 8.4117 -103.5983 AB(E) a IcP D1-28 8.3367 1035333 B a icP
D17-155 8.4117 -103.5983 AB(E) a IcP D1-29 8.3367 -103.5333 B a icp
D17-157 84117 -103.5983 AB(E) a IcP D1-30 8.3367 -103.5333 B a IcP
D17-159 84117 -103.5983 A-B(E) a IcP D1-31 8.3367 -103.5333 B a ICP
D17-160 8.4117 -103.5983 AB(E) a IcP D1-32 8.3367 -103.5333 B a IcP
D17-182 8.4117 -1035983 AB(E) a icP D1-33 8.3367 -103.5333 B a IcP
D17-1WR 8.3167 -103.6283 AB(E} a XRF D1-34 8.345 -103.5367 B a ICP
D20-148 8.7 -103.66 AB(E) a IcP D15 8.345 -103.5367 B a XRF
D20-160 837 -103.66 AB(E) a IcP D41 8.3767 -103.5067 B a icP
D20-163 837 -103.66 AB(E) a ICP D4-100 8.38 -103.5033 B a ICP
D20-164 837 -103.66 AB(E) a IcP D411 838 -103.5033 B a IcP
D20-165 837 -103.66 AB(E) a IcP D412 838 -103.5033 B a IcP
176779 8.3756 -103.6583 AB(P) a XRF D42 8.3767 -103.5067 B a ICP
177053 8.3789 103,675 AB(P) d XRF D44 8.3767 -103.5067 B a IcP
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Sampleld Latitude Longitude Seftir, < odice® Method Sample_ID Latitude Longitude Setting Source* Method
RAIT 02- 839 -103.52 B B 2 XRF D19-1 8.3083 -103.6283 B a XRF
D25-100 8.4033 -103.385 B a Icp D19-2 8.3617 -103.4083 B a XRF
D25-103 8.4033 -103.385 B a iCP D81 8.3267 -103.6 B a XRF
D25-109 83917 -103.405 B a icp D8-1(R) 8.3267 -1036 B a IcP
D25-110 83917 -103.405 B a ICP 175988 83517 -103.42 B-C a XRF
D25-112 83917 -103.405 8 a IcP 2381-3A 8.3383 -103.4417 B-C a XF%F
D25-116 83917 -103.405 B a ICP 177875 8.3667 -103.3767 B-C a XRF
D25-119 8.4033 -103.385 B a ICP 177906 8.36 -103.3883 B-C a XRF
D25-6 8445 -103.35 B a XRF 177995 83583 -103.3992 B-C a XRF
D26-104 8.445 -103.35 B a IcP 178026 835 -103.4083 B-C a XRF
D26-102 8445 -103.35 B a IcP D2 8.355 -103.4108 B-C a ICP
D26-104 8.445 -103.35 B a icp 02-5 8.355 -103 4067 BC a ICP
D26-106 8.445 -103.35 B a ICP D281 8.3667 -103.38 B-C a icP
D26-107 8.4367 -103.355 8 a ICP 174619 8365 -103.3117 C a XRF
D26-108 8.4367 -103.355 B a ICP 174739 8.3567 -103.3183 C a XRF
D26-109 8.4367 -103.355 B a ICP 174769 8.3267 -103.3 c a XRF
D26-110 8.4367 -103.355 B a iCcP 177176 8.365 -103.32 c a XRF
D26-113 8.4367 -103.355 B a Icp 2385-3a 8.3617 -103.315 c a XRF
D26-123 8.4367 -103.355 B a icp 2385-6t 8.3467 -103.3117 c a XRF
D26-12¢ 8.4533 -103.2817 B a IcP D321 8.3817 -103.2883 C a XRF
D27-100 8.4533 -103.2817 B a ICP D32-2 8.3817 -103.2883 C a ICP
D27-106 8.4533 -103.2817 B a ICP D32-3 8.375 -103.2933 C a XRF
D27-107 8.4533 -103.2917 B a ICP D32-3(R 8375 -103.2933 c a IcP
D27-108 8.4367 -103.295 B a IcP D325 8.375 -103.2933 C a iCP
D27-114 8.4367 -103.295 B a IcP D326 8375 -103.2933 c a ICP
D27-130 8.4367 -103.295 B a icp D331 8395 -103.2567 C a XRF
D27-132 8.4367 -103.295 B a ICP D33-2 8.39 -103.2617 C a ICP
D27-133 8.4533 -103.2017 B a ICP D333 839 -103.2617 c a Icp
D27-5 8.3667 -103.38 B a XRF D342 8.405 -103.1717 cD a XRF
D46 8.3767 -103.5067 B a XRF 177630 8.355 -103.125 D a XRF
D46(R) 83767 -103.5067 B a Icp 177691 837 -103.1333 D a XRF
D48 8.3767 -103.5067 B a ICP D441 8.3833 -103.1133 D a XRF
D49 8.3767 -103.5067 B a ICP D442 8375 -103.1067 D a ICP
D4UHB 8.3767 -103.5067 B a ICP CHEPR-61 8.36 -102.893 ETEPR ¢ XRF
175592 8345 -103.5 8 a XRF D30-1 84333 -102.9067 ETEPR a XRF
175623 8.3417 -103.495 B a XRF D30-1(R) 8.4333 -102.9067 ETEPR a ICP
175653 8.3417 -103.495 B a XRF D303 84 -102.9117 ETEPR a ICP
175378 8.3617 -103.5142 B a XRF D30-4 84 -1029117 ETEPR a ICP
175409 83617 -103.5142 B a XRF D305 84 -102.9117 ETEPR a ICP
175439 8.3583 -103.5067 B a XRF D30-6 84 -102.9117 ETEPR a IcP
175500 8.3583 -103.5067 B a XRF D31-1 8.45 -102.8833 ETEPR a IcP
175562 8.345 -103.5 B a XRF RAIT 02- 833 -103.02 ETEPR a XRF
173673 835 -103.5433 B a XRF CHEPR-63 8.446 -104.185 W.RR! c XRF
173735 833 -103.5303 B a XRF 178971 8325 -104.055 WRTI a XRF
174162 8.3461 -103.5225 B a XRF 2390-3A 8.31 -104.05 WRTI a XRF
173888 83672 -103.5217 B a XRF 2390-38 8.31 -104.05 WRTI a XRF
173917 8.3644 -103.5219 B a XRF 179061 8.3067 -104.0333 WRTI a XRF
173978 8.3578 -103.5194 B a XRF 179091 82983 -104.03 WRTI a XRF
174009 8.35 -103.5178 B a XRF 179152 8291 -104.0233 WRTI a XRF
174039 8.3472 -103.5178 B a XRF 179183 82983 -104.02 WRTI a XRF
174070 8.3486 -103.5208 B a XRF 179214 8.2983 -104.02 WRT! a XRF
174101 8.3444 -103.5206 B a XRF CHEPR-67 84 -104.175 WRTI ¢ XRF
2382-10w 8325 -103.5383 B a XRF RAIT02- 8.35 -104.1 WRTI a XRF
176230 8.3033 -103.5533 B a XRF SD-8 8378 -104.028 WRTI ¢ XRF
D18-1WR 8.31 -103.6217 B a XRF TW74-D8 837 -104.02 WRTI a XRF
D18-3 8.305 -103.6433 B a XRF

Sources*: a: This study; c: Petrology Database: East Pacific Rise Data Synthesis, Section IX, compiled by Langmuir,

1988; d: Perfit et. al. (1996)
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Ca0/Al,O; ratios 0f 0.62 ~ 0.76, SiOy/Fe,O; (T) ratios 0f4.72 ~ 6.29, Na,O contents of 2.16 ~ 2.68 wt% and
Fe,04(T) contents of 7.64 ~ 9.81 wt%. Lowest contents TiO, (0.84 ~1.18 wt %) and K,0 (0.0013 ~ 0.07 wt %)
(Table 2 and Fig. 2).

Strike—slip faults B-C and C-D: Whole-rock analyses for B-C from dives 2 387, 2381 and 2387,
dredges D2 and D28 have fractionated composition with MgO contents of 6.66 ~ 8.43 wt%, Mg values of 54 ~
64, CaO/AlO; ratios of 0.77 ~ 0.80, SiO,/Fe,0; (T) ratios of 3.67 ~ 5.29, Na,O contents of 2.34 ~ 3.02 wt%,
Fe,O4(T) contents 0of 9.48 ~ 13.19 wt%. Only one sample available from fault C-D (D43-2) has a little primitive
composition with MgO content of 9.12 wt%, Mg value of 68, CaO/Al,O; ratio of 0.80, SiO,/Fe,05(T) ratio of
5.76, Na,O content of 2.06 wt%, Fe,04(T) content of 8.65 wt%. Intermediate contents of TiO, (1.02 ~ 2.04 wt%)
and K,O (0.01 ~ 0.27 wt%) (Table 2 and Fig. 2).

ITSCs C and D: Both C and D have similar compositions with MgO contents of 7.34 ~ 8.43 wt% and 7.99
~ 8.23 wt%, Mg values of 58 ~ 65 and 62~65, CaO/AlO; ratios of 0.78 ~ 0.87 and 0.82 ~ 0.85, Si0,/Fe,05(T)
ratios 0f 4.22 ~ 5.50 wt% and 4.70 ~ 5.76, Na,O contents of 2.34 ~ 2.98 wt% and 2.30 ~ 2.46 wt%, Fe,O; (T)
contents of 9.14 ~ 11.46 wt% and 9.34 ~ 10.77 wt%, respectively. Intermediate contents of TiO, (1.02~2.04 wt
%) and K,0 (0.01 ~ 0.27 wt %) (Table 2 and Fig. 2).

E.T.EPR: Whole rock samples from dredges D31 and D30 show uniform compositions with MgO
contents of 6.75 ~ 7.54 wt%, Mg values of 56 ~ 59, CaO/Al,O; ratios of 0.81 ~ 0.85, Si0,/Fe,O4(T) ratios of 4.04
~ 4.29, Na,O contents of 2.68 ~ 3.27 wt% and Fe,0;(T) contents of 11.77 ~ 12.43 wt% (Table 2 and Fig. 2).
Interme- diate contents of TiO, (1.70 ~ 1.97 wt %) and K,0 (0.11 ~ 0.18 wt %).

2.2 Variations of major elemental geochemistry within the transform

Basalts recovered from dives and dredges from the Siqueiros transform domain exhibit a wide
compositional range from primitive to evolved compositions. The Mg content was used to illustrate differen-
tiation from primitive to more evolved composition (Schilling, 1975). A value of Mg # of 70 defines a basaltic
magma in equilibrium with mantle olivine, and primitive glass and whole-rock compositions amongst the
spectrum of erupted MORB are rare. Relatively fractionated magmas are dominant, indicating that the primary
MORB magmas may have undergone high-level fractionation after segregation from their mantle sources.

From whole-rock data, the most primitive samples were collected from strike-slip fault A-B (P) (dredge
D20 — D23 and dive 2384) with highest Mg values of 67 ~ 78 and highest MgO contents up to 14.91 wt%.
There are also some primitive samples from spreading center A (D38-100 ~ 111), and rarely from B (D4-8) and
C-D. There is only one sample from fault C-D and it is primitive with Mg value of 68 (Fig. 2). The most
evolved samples were collected from western ridge-transform intersection with smaller Mg values of 44 and 55
(two samples), and low MgO content of 5.54 and 6.37 wt%. In terms of major element parameters sensitive to
the extent of partial melting, samples from W.RTI and some from B have the highest Na,O contents (2.84 ~
3.27 wt%) and lowest CaO/ALO; ratio (< 0.70). Samples from fault A-B(P), some samples from spreading
centers A, B, C, and D, fault B-C, and the one sample from fault C-D have the lowest Na,O contents (1.99 ~
2.50 wt%). All other samples, including most samples from spreading centers A, B, C, and D, faults A-B(E) and
B-C, and Eastern tip of the EPR, have intermediate to high Na,O contents (2.5 ~ 3.0 wt%). As we see from these
diagrams, the biggest compositional variation occurs within the A-B fault, ranging from very primitive to
well-evolved compositions. This is very similar to the case in Hayes transform, where the largest compositional
range is observed from the Hayes transform valley (Smith et al, 1994). Relatively fractionated magma
compositions are dominant, indicating that the primary MORB magmas must have undergone high-level
fractionation after segregation from their mantle source (Table 2 and Fig. 2).

3 Trace and Rare-earth Element Geochemistry

Basalts from mid-oceanic ridges were classified into three groups based on the trace and rare earth
characteristics. N-MORB are LREE-depleted (e.g. low (La/Sm), and (La/Yb), ratios), incompatible
element-depleted (e.g., low Cs, Rb, K, Ba, Sr, Ti, Zr, Nb abundances) and have low ¥Sr/*Sr ratios. E-MORB
(enriched) are considered to be LREE-enriched ((La/Sm),>2.0), incompatible element-enriched, and exhibit
higher ¥'Sr/*Sr ratios. Transitional basalts or T-MORBs exhibit intermediate (La/Sm),, ratios of 0.8 ~ 2.0
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Table 2 Major Elemental Composition Summary
®2 FEnEHS K

SETTING STATS 'Si0p  |AOs TiO; 'Mn0 Na0 Fep0sT Mg0 CaD K0 Py0s TOTAL
W.RTI I S N ' |

@ w0 M
1287
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02 04
. 032
073 . 048 = 9848

B4

A i ; : i i o
1!93&5 e ,15-4'2“’:% 7-31 0.06 ,QUW,‘,
Min 4672 | 1436 093 203 0,2 | om
Max 5104 | 179 | 176 273 L0 018
ABE) S ESUR N S A |
S0 Avg 4991 | 1519 LT 017 . 268
Min 4867 | 1411, 13 | 013 | 228
Max 51 1668 . 241 | 023 | 302 | Y2)
ABP) N N
2T Avg | 487 | 1678 231 003 ' 007 | 10002
_Min el 15.05 AN A (0 00 | %913
Max 5006 | 1828 | L18 | 016 = 268 L0130 00 | 100.86
6\ _Avg 500 | 1502 152 | 018 27 1073 015 | 014 , %9
Min . 4175 | 1425 113 015 229 | 89 | 005 008 | 9848
Max | 5274 | 1921 | 215 | 025 . 31 | 1236 L 029 025 | 1009
BC | : | | o S
-6 Avg 4987 | 148 | 162 | 021 | 271 QL1 | 738 | 1165 | 013 99.66
Min | 4845 1362 | 135 | 016 | 234 | 948 | 666 1072 | 003 Ol . 9865
Max 5055 - 1612 204 | 026 302 | 13019 | 843 | 1266 | 027 = 021 | 10046
) 5032 ) 1489 136 | 019 271 1039 771 | 1207 | 008 | 01 = 982
95 | 1413 112 017 . 234 914 | 734 | 117 001 . 006 ' 9888
5.0 1562 | 158 | 022 | 298 | 1174 | 843 . 1241 016 013 | 1009
-1 498 | 1628 . 102 | 012 206 | 865 912 | 129 | 006 005 | 1002
—4 Avg 07 | 1491 L7 019 | 238 | 1002 | 799 | 1235 | 005 008 9991
_Min | 5065 | M64 107 012 . 23 | 934 | 75 . 118 002 007 996l
Max 5094 | 1518 131 | 027 | 246 | 1077 | 823 . 1272 . 008 000 10043
o 6Ag 5007 | 1426 179 019 278 | 1203 | 724 | 1L78 . 016 | 0I5 | 10045
Min 4887 | 1394 17 . 017 | 258 | 1177 675 1136 01l | 014 = 99.48
Max | 5081 | 1455 | 197 02 . 327 | 1243 | 754 1208 | 028 | 018  100.94

*number of samples

(Schilling et. al., 1983 ;Bryan et al., 1976; Sun et al., 1979; le Roex et al., 1983, 1985; Langmuir, et al., 1992).
3.1 Trace and rare-earth elemental geochemical characteristics of basalts within the transform

Western RTI: Basalts in this area have (169.4 ~ 180.2) x 10 Zr (with exception that sample 2390-7 has
111.80 Zr), (226 ~ 269) x 10 Cr and (120 ~ 304) x 10 Sr. The ratios of Zr/Y, Ti/Zr and K/Ti are 3.39 ~
5.61, 74.62 ~ 94.02, and 0.11 ~ 0.40, respectively. Most samples from this RTI have typical LREE-enriched
patterns, and have (La/Sm),, values of 1.70 ~ 1.93 and (La/Yb),, values of 2.82 ~ 3.14. Two samples (2390-7
and 2390-9) are slight LREE-depleted, and have (La/Sm),, and (La/Yb),, ratios of 0.66 ~ 0.75 and 0.79 ~ 0.87,
respectively. Based on the definition defined above, most samples from this area are E-MORBSs, and some are
N-MORB:s (Table 3, Fig. 3).
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ITSC A: Samples from A have Zr contents of (40 ~ 122) x 10%, Sr contents of 58 ~ 121, and Cr contents of
176 ~ 438 (most >300 x 10). The incompatible element ratios of Zt/Y, Ti/Zr and K/Ti are 1.69 ~ 3.20, 85.62 ~
148.49, and 0.03 ~ 0.12, respectively. Basalts are LREE-depleted, having REE concentrations of 10 ~ 20 times
of chondrite with un-fractionated heavy REE abundances and (La/Yb)cn ratios of 0.31 ~ 0.78, (Ce/Yb)cn ratios
0f0.72 ~ 1.01, and (La/Smjcn ratios of 0.37 ~ 0.75.Most are typical N-MORB, and some of them are more
primitive N-MORB (Table 3, Fig. 3).

ITSC B: Basaltic rocks in spreading center B appear very diverse, having Zr contents of (62 ~ 157)x 10
(most are (65 ~ 115) x 10), Cr contents of (190 ~ 430)x 10 (two groups: one ranges from 190 10 to 280 x
10, the other ranges from 330x 10 to 430 x 10), Sr contents of 95 x 10~ 137x 10, Ni contents of 40x
10~ 300 x 10%. Their ratios of Zr/Y, Ti/Zr and K/Ti are 2.17 ~ 3.78, 82.11 ~ 122.33, and 0.05 ~ 0.26,
respectively. The basalts appear LREE- depleted to weakly LREE-enriched, most (La/Yb),, ratios range from
0.46 ~ 0.66, and some are 0.67 ~ 0.86, and the (La/Sm),, ratios have a similar variation: most are 0f 0.40 ~ 0.59,
some 0.62 ~ 0.77. They are typical N-MORB:s. (Table 3, Fig. 3).

ITSC C and D: Basalts from C have Zr contents of 71 ~ 95 x 10%, Cr contents of (190 ~ 425) x 10, Sr
contents of 100 ~ 115, and Ni contents of 25 ~ 60. The ratios of Zr/Y, Ti/Zr and K/Ti are 2.42 ~ 3.21, 90 ~
117, 0.05~0.14, respectively. Their REE patterns are similar to B with (La/Yb)cn ratios of 0.45 ~ 1.02 and
(La/Sm),, ratios of 0.45 ~ 0.93. The compositions from D are similar to C with Zr content of (59 ~ 77) x 10, Cr
content of (285 ~ 430) x 10, Ni content of (35 ~ 85) x 10, Sr contents of 91 ~ 111. The ratios of Zr/Y, Ti/Zr
and K/Tiare 2.30~2.93, 87.45~111.52, 0.05~0.10. Their REE patterns are LREE-depleted with (La/Yb),,
ratios of 0.46 ~ 0.79 and (La/Sm),, ratios of 0.46 ~ 0.79, and are typical N-NORBs (Table 3, Fig. 3).

Strike—slip fault A-B (E)(evolved): The fractionated samples from A-B have enriched incompatible
elements with Zr contents of( 72.9 ~ 165.00) x 10, Cr contents of (199.32 ~ 395.93) x 10, Sr contents of
(101 ~ 133.34) x 10°, and Ni contents of (52 ~ 198) x 10, Their incompatible element ratios of Zt/Y, Ti/Zr
and K/Ti are 2.4 ~ 4.25, 80.52 ~ 114.8, 0.08 ~ 0.23, respectively. The REE patterns of most samples are
LREE-depleted with (La/Yb),, ratios of 0.53 ~ 0.89 and (La/Sm),, ratios of 0.49 ~ 0.77, and are typical
N-MORBs (Table 3, Fig. 3).

Strike-slip fault A-B (P): The primitive samples from A-B have very low incompatible element
concentration with Zr contents of (32 ~ 75) x 10%, Sr contents of (54.1 ~ 84) x 10, Cr contents of (440 ~
1470) x 10 (most range from (450 x 10 to 1 000 x 10, and Ni content of (185 ~ 831) x 10 (most are
200x% 10~400 x 10). The ratios of Zr/Y, Ti/Zr and K/Ti are 1.6 ~ 3.13 (most are 1.8 ~ 2.5), 95.1 ~ 143.3, 0.02
~ 0.08. LREE are strongly depleted with (La/Yb)cn ratios of 0.20 ~ 0.51, (La/Sm)cn ratios of 0.20 ~ 0.47, and
are very primitive N-MORBs (Table 3, Fig. 3).

Strike-slip faults B-C and C-D: Basalts from fault B-C have Zr contents of (63 ~ 127)x 105, Cr
contents of ( 151~310) x 10, Ni contents of ( 40 ~ 70) x 10%, and Sr contents of (88 ~ 125) x 10, The ratios
of Zt/Y, Ti/Zr and K/Ti are 2.14 ~2.84, 92.86 ~ 129.35, 0.05~0.18, respectively. The REE patterns are
LREE-depleted, with (La/Yb)cn ratios of 0.44 ~0.73, (La/Sm)cn ratios of 0.44 ~ 0.78. Only one sample is
available from C-D fault, and has Zr content of 67 x 10 Cr content of 450 x 10, Ni content of 170 x 10 and
Sr content of 112 x 10%, Its REE pattern is LREE depleted with (La/Yb)cn ratio of 0.78 and (La/Sm)cn of 0.78,
and all of them are N-MORBs (Table 3, Fig. 3).

Eastern Tip of EPR: Basaltic rocks from this region have Zr contents of 105 10°¢ ~ 117 x 10%, Cr
contents of (205 ~290) x 10, Ni contents of (60 ~105) x 10, Sr contents of (113 ~ 124 )x 109, The ratios
of Zt/Y, Ti/Zr and K/Ti are 2.8 ~3.28, 5.40~101.43, 0.08 ~0.20. REE pattern are LREE depleted with
(La/Yb),, ratios of 0.53 ~ 0.68 and (La/Sm)cn ratios of 0.44 ~ 0.67. These basalts are N-MORBs (Table 3, Fig.
3).

3.2 Variations of trace and rare-earth element geochemistry within the transform

K/Ti, (La/Yb), (La/Sm),, ratios and rare-earth element compositions can be used to infer mantle source
characteristics, and delineate depleted (lower ratios) from enriched (higher ratios) source domain. Three
classes of MORBs are distinguished in the transform domain.

E-MORBs: The REE compositions of the western ridge-transform intersection (W.RTI) basalts are
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markedly different from basalts from other tectonic locations. As shown in Fig. 2, samples from W.RTI have

the highest ratios of (La/Yb),, and (La/Sm), (2.82 ~3.14,

1.70 ~ 1.93, respectively) and are the most.

fractionated basalts (E-MORBS) in the transform domain. They also have the highest contents of Zr (>170 x
10 and Sr (>270 x 10°) and highest Zt/Y ratios (> 5.0). Other samples from W.RTI have intermediate ratios
with (La/Yb),, 0f0.79 ~ 0.87 and (La/Sm),, of 0.66 ~ 0.76, and they are normal MORB with elevated REE

concentrations.

Primitive N-MORBSs: The most primitive N-MORBs are from the strike-slip fault A-B in this domain
with the lowest ratios of (La/Yb), (0.20 ~ 0.51) and (La/Sm),, (0.20 ~ 0.47). There are also some primitive
basalts from spreading centers A, rarely from C and D. They all have the lowest contents of Zr, Sr, and Ti, the
lowest ratios of Zr/Y and K/Ti, and the highest contents of Ni and Cr and high Ti/Zr ratios.
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N—-MORBSs: Most samples from spreading center B and western section (fault B-C, spreading centers C
and D, and E.T.EPR) of the domain, some samples from fault A-B, and spreading center A, have intermediate
to high incompatible and rare-earth element contents and incompatible element ratios, and they are typical
N-MORBs. As shown in the extended REE plots, most basalts show negative Sr anomalies except samples
from A-B (Primitive) with Sr anomalies of 1. Ti anomalies have similar variations.

4 Discussions

4.1 Mantle source tracers

Previous studies of MORBs have recognized that the suboceanic mantle is heterogeneous on various
scales (Hart, 1984, 1988; White and Hoffman, 1992; Zindler et al., 1984). Incompatible trace elements ratios,
¥Sr/%Sr, **Nd/*Nd, and common lead isotopic ratios provide evidence of source heterogeneity (Schilling et. al.,
1983; Langmuir, 1994; Holness and Richter, 1989; Hart, 1988; White et al., 1993). However, incompatible
trace element ratios do not uniquely indicate source heterogeneity because they change with the extent of
partial melting. Isotopic ratios of Sr, Nd, and Pb record the characteristics of the source region for "zero age"
MORBs. These ratios are not affected by either degree of partial melting or fractional crystallization.
Therefore, they provide more reliable means to define mantle source heterogeneity. Combined incompatible
trace element ratios and isotopic ratios can provide better constraints on the nature of the source region
heterogeneity.

Rare-earth elements have very similar chemical and physical properties because they all have similar
atomic structures. The differences that do exist in chemical behavior are a result of the small but steady
decrease in atomic (and ionic) radii from Lato Lu (Rollinson, 1993). These small differences in size and
chemical behavior cause them to be fractionated relative to each other by various petrologic and mineralogical
processes.

The REE are regarded as amongst the least soluble trace elements, and the REE patterns can faithfully
represent the original composition of the unaltered parent rocks (Rollinson, 1993). They also help to define the
compositional heterogeneity within the mantle. From a geochemical perspective, the mantle can be divided into
three parts: mantle lithosphere, the source of MORB (depleted mantle) and the source of mantle plumes. The
shapes of REE patterns are influenced by the shapes of the mineral-melt distribution coefficient patterns of the
minerals in the residual melt. Most mid-ocean ridge basalts (MORBs) exhibit a light rare earth-depleted
pattern, which reflects the incompatible element-depleted nature of the upper mantle from which these magmas
are derived. MORB can further be divided into three types: E-MORB (incompatible element-enriched) or
P-MORB (mantle plume) and N-MORB (normal) based on their geochemical differences.

Fractional crystallization involving olivine, plagioclase, clinopyroxene and spinel increases the total REE
content of more evolved MORB, but does not produce any significant inter-element fractionation. The
characteristic shape of the primary basalt REE patterns is maintained in the more evolved basalts. However,
there is a tendency for a negative Eu anomaly to develop as fractionation proceeds, because Eu is preferentially
partitioned into plagioclase. If partial melting is fairly extensive (>10%) the REE should not be fractionated
from each other during partial melting and therefore ratios of REE (e.g. La/Sm, La/Yb and La/Ce) should
reflect the ratios in the mantle source of the magmas. However, only the very light REE are truly incompatible
and thus, of the ratios above, only La/Ce is likely to be diagnostic of source composition
4.2 Possible mantle sources beneath Siqueiros transform

In the Siqueiros transform area, some important trace and rare earth elemental characteristics and their
variations (Table 3; Fig. 3 and Fig. 4) have been recognized. No new isotopic samples have been analyzed in
this study, but published and unpublished isotopic data from this area and the nearby East Pacific Rise are
available. Two different MORB mantle sources have been identified.

Enriched mantle: the source of the enriched MORB in the western ridge-transform intersection area. The
basalts from this source are characterized by strongly LREE-enriched REE pattern (Fig.4). They have the lowest
MgO contents (5.54 ~ 6.37 wt%) and highest TiO, (2.47 ~ 2.84 wt%) and highest K,O contents (0.3 ~ 0.73 wt%)
in the study area. As shown in Fig. 2 and Fig. 3, rocks from W.RTI have the highest ratios of (La/Yb),,, (La/Sm),,
and Zr/Y (2.82~3.14, 1.70~1.93, 3.4 ~5.6, respectively) and are the most fractionated basalts in this



B4 Yao Y Yan et al: Geochemical Characteristics of Siqueiros Transform, East Pacific Rise 291

40

60 30
50 254
40 20
304 15
-6-B ’
20+ 10 —=-B-C
-&-C
10 54 4-D
—#+-E.T.EPR|
0 . L L L L L L 2 L 0 "
La C¢e Nd Sm EBu Gd Dy Y Er Yb La Ce Nd Sm Eu Gd Dy Y Er Yb

Fig. 4 Averaged REE patterns of MORBs from Siqueiros transform area
& 4 Siqueiros BHEIER ¥ P EXRENBE T TEEE
Most samples from western ridge—transform intersection have enriched LREE, high REE concentrations, and imply an
enriched mantle source. Samples from fault A-B (primitive) and some samples from spreading center A have
LREE-depleted REE patterns, and low REE concentrations (10 ~ 20 times of chondrite REE); Most samples from
middle-eastern domain (including spreading centers B, C and D, faults B-C and C-D, nearby eastern East Pacific Rise,
and some samples from A-B and A) are light LREE-depleted with 20~30 times of chondrite REE concentrations

transform domain. They also have the highest contents of Zr (>170% 10°), and Sr (>270 % 10°), and highest
Zr/Y ratios (>5.0). The Sr isotopic compositions of two of those basalts from this area (¥’St/*Sr = 0.702 89,
Macdougal and Lugmair,1986); ¥Sr/*Sr = 0.702 99, Casey's unpublished data) indicate that its source is
enriched relative to normal N-MORB mantle beneath Siqueiros.A sample from the nearby northern East Pacific
Rise has similar ¥Sr/*Sr ratio (0.7029, R13-1) (Carlson et al., 1978), implying that this mantle source extends
to the norther side of the EPR (south of EPR at 10° 30").

Depleted mantle: the source of the basalts from the transform domain, including primitive N-MORBs
from fault A-B and spreading center A, and all other normal N-MORBs.These samples are characterized by
intermediate to highest contents of MgO (6.0 ~ 14.91 wt%), Na,0 (2.16 ~ 3.0 wt%), TiO, (0.84 ~ 2.4 wt%) and
K,0 (0.0013 ~ 0.30 wt%) (Table 2 and Fig.2). They have stight to strong LREE-depleted REE patterns ((La/Yb)
w=0.20 ~ 0.90 and (La/Sm),, = 0.20 ~ 0.80)). They also have the intermediate to lowest contents of Zr, Sr, Ti,
intermediate to lowest ratios of Zr/Y, K/Ti, intermediate to highest contents of Ni, Cr and Ti/Zr ratios. The Sr
isotopic compositions of four primitive samples from fault A-B are lower and have narrow variations (¥’St/**Sr
=0.702 59 ~ 0.702 61, Casey's unpublished data). Normal N-MORBs from EPR at 10° 30' (Regelous et al.,
1999) and southern EPR between 13° ~ 23° (Mahoney et al., 1994) have Sr isotopic ratios of 0.702 47 ~ 0.702
68, and 0.702 4 ~ 0.702 7, respectively. The isotopic ratios of basalts from fault A-B are in the range of sample
from neaby nomal EPR basalts, and this implies that these basalts are all from a highly "depleted" reservoir of
material in the mantle.

5 Conclusions

This study examined geochemical characteristics and mantle source heterogeneity at Siqueiros transform
and the nearby East Pacific Rise. Major element, trace element and REEs of basalts recovered from this area
were analyzed using ICP Spectrometer during this study.

Basalts from the Siqueiros transform exhibit a wide compositional range from primitive to evolved
compositions. Three classes of MORBs are distinguished in the transform domain: 1) E-MORBs: Basalts from
the western ridge-transform intersection (W.RTI) are markedly different from basalts from other tectonic
locations. They have lowest MgO contents of 5.54 ~ 6.37 wt%; highest Na,O contents (2.84 ~ 3.27 wt%); lowest
CaO/AlL 0, ratio (< 0.70); highest ratios of (La/Yb),, (2.82 ~ 3.14) and (La/Sm),, (1.70 ~ 1.93) and Zr/Y ratios
(>5.0); and highest contents of Zr (>170% 10®) and Sr (>270% 10®). 2) Primitive N-MORBs: Samples from
A-B, and some samples from A are the most primitive basalts in this area. They have highest Mg values of 67 ~
78 and highest MgO contents up to 14.91 wt% and lowest Na,O contents (1.99 ~ 2.50 wt%); lowest ratios of
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(La/Yb),, (0.20 ~ 0.47), (La/Sm),, (0.20 ~ 0.47), Zr/Y and K/Ti; lowest contents of Zr, Sr, and Ti, and the highest
contents of Ni and Cr; and high Ti/Zr ratios. 3) N-MORBs: Samples from A-B, some samples from A, most
samples from B and western section (B-C, C, D and E.T.EPR) of the domain have intermediate to high
incompatible and rare-earth element contents and incompatible element ratios, and they are typical N-MORBs.

Two mantle sources exist in the Siqueiros region. One is the enriched mantle with highest REEs, enriched
LREEs, low MgO, K,O and TiO, and high ¥Sr/*Sr isotopic concentrations, which lies underneath the western
part of the transform domain. The second source is the depleted mantle, which lies underneath the mid-eastern
transform domain. Basalts from this source have low ¥Sr/*Sr isotopic compositions, lower REEs and trace
elements and higher MgO contents.
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R FEHHEE Siqueiros ¥4l 277 B MBR L F2A4S1E

BiHERH, John F Casey
(FEHD BRMKERERE, EE P BTG HREEM, FL 33406,
AT A F R B R, EEBMKETIR, TX 77204 )

¥ E. RKTFHHERE Siqueiros ST EH (T2 103° ~ 104° Jb4 8° 20' ~ 8° 30" ), (i FHEM 2T A #itk
RERFERPAEL (B 1), ZERBENTRE, O NERHEELN, BB K, BRENZTRATT A-B £
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