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4. CHEMISTRY OF THE LOWER SHEETED DIKE COMPLEX, HOLE 504B (LEG 148):
INFLUENCE OF MAGMATIC DIFFERENTIATION AND HYDROTHERMAL ALTERATION!

Wolfgang Bach,>* Jorg Erzinger,? Jeffrey C. Alt,* and Damon A.H. Teagle*

ABSTRACT

We present major- and trace-element data on the lower sheeted dike complex (SDC) drilled during ODP Leg 148 in Hole
504B. Similar to previously studied rocks from the upper sections of Hole 504B, the rocks recovered during Leg 148 are mildly
to moderately evolved mid-ocean ridge basalts (MORB) ranging in their MgO concentrations from 7.8 to 10.0 wt%. The rocks
exhibit the same sort of depletion as the lavas of Hole 504B, characterized by very low incompatible clement abundances (e.g.,
TiO, = 0.54-1.03 wt%, Zr = 29-53 ppm, and Ce = 2.2-5.5 ppm). Chondrite-normalized La/Sm and Nb/Zr ratios are markedly
lower than average N-MORB, suggesting a highly depleted mantle source. Fractional crystallization of plagioclase, olivine,
clinopyroxene can account for most of the chemical variability, whereby the degree of fractionation is less than 50%. The
chemical effects of alteration are more difficult to distinguish because they can sometimes have the same consequences as mag-
matic differentiation. Formation of chlorite, amphibole, albite-oligoclase, and titanite replacing groundmass and primary min-
erals are typical for all samples. The results of this type of alteration are slight increases of MgO and H.O and decreases of CaO
and Si0,. TiO,, MnO, Zr, and the REEs appear 1o slightly decrease with increasing extents of alteration. Halos and patches of
intensive alteration are common in the lower SDC. The alteration halos show perplexing chemical trends with no clear relation-
ship to the degree of alteration. The alteration patches are significantly enriched in H,O and highly depleted in Cu (Zn) and S.
This make the patches in the lower SDC possible sources for base-metal deposits in the oceanic crust. The patches are also sig-
nificantly depleted in REE, Zr, Nb, Ti, and exhibit positive Eu anomalies. Theoretical considerations and mass-balance calcula-
tions indicate that this behavior is probably not only the consequence of intensive alteration but requires primary chemical
differences between the patches and the neighboring diabases. It remains unclear how far such differences could be related to
magmatic differentiation processes within the dikes. The puzzling question of the nature of these alteration patches deserves

further attention.
INTRODUCTION

Ocean Drilling Program (ODP) Leg 148 was the seventh return to
Hole 504B and deepened the drill hole to a final depth of 2111 m be-
low seafloor (mbsf). Hole 504B is the deepest drill hole in the oceanic
crust and serves as a reference for the structure and petrology of oce-
anic crustal Layers 2. Hole 504B drilling and research history com-
prises 15 years of intense technical and scientific effort during which
indispensable information on the petrology, chemistry and physics of
the upper oceanic crust has been collected. Previous studies have
shown that the upper extrusive section consists of chemically differ-
ent types of basalts comprising highly depleted basalts, typical mid-
ocean ridge basalts (N-MORB), and enriched basalts (E-MORB)
(e.g., Tual et al., 1985), thus displaying a time record of the temporal
variability of the mantle source. Studies of secondary minerals result-
ed in the reconstruction of a complex multi-stage alteration history in
the volcanic section and the sheeted dikes including ore-forming pro-
cesses in a transition zone (e.g., Alt et al., 1986).

Other points of great interest are the physical properties of the
oceanic crust. The provocative finding of Legs 140 and 148 has been
that seismic wave velocities steadily increase downward and reach
values thought to be typical for oceanic Layer 3 (Dick, Erzinger.
Stokking, et al., 1992; Alt, Kinoshita, Stokking, et al., 1993). How-
ever, the rocks of the last section drilled during Leg 148 are still dia-
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bases of the sheeted dike complex. This finding has stimulated a new
discussion on the nature of the seismic Layer 2/3 boundary and has
given rise to the question of whether the seismic Layer 2/3 boundary
an alteration front rather than the dike/gabbro transition (Detrick et
al., 1994),

The current depth of Hole 504B appears to be representative of
the lowermost part of the sheeted dike complex. Evidence for this
presumption arises from the observation that base-metal depletions
thought to be typical of root zones of hydrothermal vent fluids have
been detected in the lower part of the hole (Alt et al., 1995; Zuleger
et al., 1995). Such root zones have been found to occur in ophiolites
just above the magma reservoir (Richardson et al., 1987: Harper et
al., 1988; Schiffman et al., 1990; Nehlig et al., 1994).

In this paper we report major and trace-element data for 30 rocks
from the lowermost 110.6 m of the sheeted dike complex. The study
is a continuation of the work by Zuleger et al. (1995) and follows the
same sampling and analyzing strategy, making our data directly com-
parable to the Zuleger et al. (1995) data set. Most of the samples were
also studied for their stable isotope composition and secondary min-
eral chemistry and the results are given by Altet al. (this volume). We
placed emphasis on the variability of chemical compositions in dia-
bases altered to various extents. Our results indicate increasing mo-
bility of nominally immobile elements with increasing degree of
alteration, resulting in incompatible element depletions of highly al-
tered rocks. In contrast, changes in major-element compositions are
less obvious. Possible primary and secondary mechanisms causing
these depletions are discussed below.

GEOLOGICAL SETTING AND PREVIOUS STUDIES

Hole 504B is located in 5.9 Ma crust, about 200 km south of the
Costa Rica Rift Zone in the Eastern Pacific ocean (1°13.611°N,
83°43.818'W; see Fig. 1). The Costa Rica Rift Zone is an east-west-
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Figure |. Location of DSDP Sites 501 and 505, DSDP/ODP Site 504, and ODP Site 896 south of the Costa Rica Rift in the eastern equatorial Pacific (after

Hobart et al., 1985).

trending intermediate spreading center with a southward spreading
rate of 36 mm/yr (Hey et al., 1977).

Several previous studies have shown that the basaltic rocks from
Hole 504B are olivine- and plagioclase- (+ clinopyroxene-) bearing
tholeiites, representing moderately evolved MORB (Autio and
Rhodes, 1983; Etoubleau et al., 1983; Hubberten et al., 1983: Marsh
et al., 1983; Emmermann, 1985; Kempton et al.. 1985; Tual et al.,
1985; Autio et al., 1989; Sparks et al., 1995; Zuleger et al., 1995), In
terms of their trace-element compositions most rocks (>98%) are
highly depleted in incompatible elements (Na, Ti, Zr, Y, REE, Ta,
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Nb, etc.) when compared to average N-MORBs. In addition to this
dominant type of depleted composition are four other types of basalts
(Kempton et al., 1985) that display either higher degrees of magmatic
differentiation (Kempton et al.’s type M’) or variations in their trace-
element characteristics (Kempton et al.’s types M, T, and E). Using a
more common lerminology, one can say that less than 2% of the
rocks are not highly depleted and range in composition from typical
N-MORB to T-MORB and E-MORB.The numerous investigators of
the igneous petrology and geochemistry of Hole 504B rocks agree
overall in attributing these differences to mantle heterogeneities and/
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Figure 2. Summary of the site drilling history, and the lithostratigraphy and
alteration of Hole 504B rocks.

or to multi-stage melting processes, with the depleted basalts repre-
senting a mantle that was depleted as a result of earlier melting pro-
cesses.

Isotopic studies support the idea of a heterogenous mantle (e.g.,
Barrett, 1983; Kusakabe et al., 1989; Shimizu et al., 1989). Another
peculiarity of the Hole 504B basalts is their high Ca/Na ratio and the
corresponding calcic plagioclase compositions (up to An,, Natland
et al., 1983). Liquidus temperatures calculated from glass composi-
tions vary in a narrow range possibly indicating a nearly steady-state
magmatic system (Natland et al., 1983).

Figure 2 summarizes the drilling history, structural units, and al-
teration types observed in Hole 504B. Alteration style changes in the
extrusive series from oxidative to non-oxidative and this correlates
with changes in chemical compositions (e.g., a drastic decrease in the
concentrations of alkaline elements: Hubberten et al., 1983; Altetal.,
1986). Leg 83 drilled a transition zone of extrusive flows cross-cut by
numerous dikes (Alt and Emmermann, 1985). The upper part of this
transition zone, the so-called stockwork mineralization zone, is char-
acterized by profound impregnations with sulfides resulting in in-
creased Zn. Cu, Fe, and S concentrations (Alt and Emmermann,
1985; Altet al., 1986). The stockwork ores are thought to be precip-
itated when hot upwelling metal-bearing hydrothermal fluids mixed
with cold downwelling seawater at a prominent permeability bound-
ary between the more permeable extrusives and the less permeable
sheeted dikes (Alt et al., 1986).

Studies of secondary mineral chemistry and paragenesis made a
detailed reconstruction of the post-magmatic history of the upper
crust in Hole 504B possible. Alt et al. (1995) and Laverne et al.

CHEMISTRY OF THE LOWER SHEETED DIKE COMPLEX, HOLE 504B

(1995) proposed five alteration stages in the lower sheeted dike sec-
tion beginning with circulation of high-temperature fluids (500°-
600°C) along fluid conduits of high permeability and formation of
secondary clinopyroxene and calcic plagioclase in veins, halos, and
patches of strong alteration. The second stage was pervasive circula-
tion of up to 400°C hydrothermal fluids and deposition of actinolitic
hornblende, titanite and oligoclase, followed by amphibole, chlorite,
and albite at lower temperatures. This episode was followed by up-
welling of reacted fluids (Mg-depleted) at temperatures of about
320°C and precipitation of epidote and quartz in crosscutting veins
and fill in pore space. During the fourth stage, anhydrite formation
occurred locally as a result of recharge of seawater into the hot crust.
Finally, highly evolved hydrothermal fluids at lower temperatures
(<250°C) circulated through the off-axis crust and led to the forma-
tion of laumontite and prehnite.

The sheeted dikes below the transition zone have been altered un-
der greenschist facies conditions with temperatures increasing down-
ward (Alt et al., 1989; Alt et al., 1995; Laverne et al., 1995). An
interesting feature of the lower sheeted dike complex is the presence
of highly altered zones along amphibole veins (halos) and irregularly
formed patches of strong alteration. The latter show drastically lower
abundances of incompatible and nominally immobile elements (Ti,
Zr, Y, REE, etc.) (Zuleger et al., 1995; Sparks, 1995). Itis yet unclear
to what extent these chemical depletions are of primary origin as op-
posed to alteration processes.

SAMPLE PREPARATION
AND ANALYTICAL PROCEDURES

Rock powders for all chemical analyses and chips for all thin sec-
tions were prepared from the same piece of rock. After culling rock
chips for thin sections from the remaining material, areas with large
phenocrysts were cut off. The samples were then rinsed with distilled
water, crushed in a steel mortar, and powdered in an agate mill.

Major-element oxides were analyzed by X-ray fluorescence
(XRF) on samples prepared as fused disks of lithium metaborate
(sample-to-flux ratio 1:4). A Philips PW 1400 computerized spec-
trometer was used and a Philips “alphas program™ calculated the con-
centrations. Ferrous iron was determined by manganometric titration,
and H,O* by a LECO analyzer RC-412. Sulfur analyses were per-
formed using a LECO sulfur determinator CS 225.

Determinations of Cr, Ni, Cu, Zn, Ga, Sr, Y, and Zr were conduct-
ed by XRF on pressed powder pellets. The rhodium Compton peak of
the X-ray tube was used for matrix corrections. International refer-
ence rocks were used for calibration of the XRF method

The rare-earth elements (REE) Li, Rb, Sc, Nb, Th, and U were de-
termined by mass spectrometry with an inductively coupled plasma
as ionization source (ICP-MS, VG Plasmaquad PQ 2+). We used a
sample preparation and a modified ICP-MS technique originally de-
scribed by Garbe-Schonberg (1993). A detailed description of our
modified method is given by Zuleger et al. (this volume). Cr, Ni, Cu,
Zn, Ga. Sr, Y, and Zr were also determined by ICP-MS. Except Zr,
and to a lesser extent Y, all ICP-MS data are comparable to the re-
spective XRF values (see Zuleger et al., this volume, for a compari-
son of XRF and ICP-MS data).

Previous studies of Hole 504B rocks revealed that chemical data
sets of various laboratories differ significantly because of different
analytical accuracies and precisions (Dick, Erzinger, Stokking, et al.,
1992, and Bostrom and Bach, 1995, for a discussion). We therefore
carefully tested our data with the reference data from Govindaraju
(1994) and with data from other laboratories to ensure proper analyt-
ical accuracy.

Table 1 presents the analytical accuracy and precision of the XRF
data. Assuming the analytical error is close to twice the standard de-
viation, the precision for the major elements is better than 1.5 rel%
and the precision for the trace elements is better than 10 rel%, mostly
better than 5 rel%.
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Table 1. Precision and accuracy of XRF data.

Rec. value Mean Relative
DR-N N=T lo SD (%)
Major elements (wi%):
S0, 52.85 53.25 0.10 0.18
TiO, 1.09 1.08 0.01 0.70
AlO, 17.52 17.87 0.04 0.25
Fe,0; 9.70 9.68 0.02 0.23
MnO 0.22 022 0.00 0.00
MgO 440 4.42 0.02 0.50
Ca0 7.05 7.07 0.02 0.24
Na-O 2,99 3.08 0.01 0.44
K0 1.70 1.72 0.004 0.22
P204 0.25 0.24 0.00 0.00
Rec. value Mean Relative
BHVO-1 N=9 lo SD (%)
Trace elements (ppm):
Cr 289 297 5.6 1.9
Ni 121 114 1.7 1.5
Cu 136 142 24 1.7
Zn 105 103 1.1 1.1
Ga 21 21.0 0.9 44
Rb 11 10.6 0.7 7.0
Sr 403 398 24 0.60
Y 27.6 26.2 1.4 5.3
Zr 179 172 3.2 1.9
Nb 19 18.8 0.4 24

Notes: The recommended (Rec.) values are from Govindaraju ( 1989). The international
standard rocks DR-N and BHVO-1 were used for major elements and trace ele-
ments, respectively. SD = standard deviation.

Table 2 compares our analyses of the international reference rock
BIR-1 with three other laboratories using similar methods and instru-
ments. The precision of our data is usually better than 10 rel%. A
comparison between our “BAS 140”7 XRF and ICP-MS data and the
“BAS 140" data of Sparks (1995), Zuleger et al. (1995) and Zuleger
et al. (this volume) is given in Table 3. The results of all elements are
in very good agreement, indicating that a direct comparison of our
data with the data set of Sparks (1995) and Zuleger et al. (1995, this
volume) is allowed.

Chemical compositions of the samples under investigation are
given in Table 4. Cs was measured using ICP-MS, but the concentra-
tions are below the detection limit of 20 ppb. Ba and Pb ICP-MS data
have been found to be affected by solvent blanks and memory prob-
lems at the low concentration level of Hole S04B rocks, and hence are
not reported. XRF data of Zr correlate excellently with [CP-MS Nb,
REE, and Th data, whereas ICP-MS data of Zr do not. Zr ICP-MS
values are systematically lower than Zr XRF values, possibly be-
cause of incomplete dissolution of trace minerals. Because Hf does
correlate only with the (poor) Zr ICP-MS data but does not correlate
with any other element, we assume that both Zr and Hf ICP-MS data
are poor and thus they are not reported. Interestingly, we did not have
these problems with the Leg 148 Hole 896A rocks (Teagle et al., this
volume), suggesting that indeed it may be a problem of incomplete
dissolution of trace minerals (zircon?) that occur in the lower sheeted
dikes but not in the lavas.

RESULTS
Petrography

All samples are sparsely to moderately phyric diabases with pla-
gioclase, olivine, clinopyroxene, and rare spinel phenocrysts. Grain-
size analyses and the distribution of chilled margins led Umino
(1995) to develop a model of multiple dike intrusions with up to 8.5-
m-thick dike packets. Grain size data display decreasing grain sizes
from 2000 to 2042 mbsf, followed by overall increases in average
grain-sizes downwards (Alt, Kinoshita, Stokking, et al., 1993).
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Table 2. Comparison of trace-element data obtained by ICP-MS with
certified values of the international reference rock BIR-1 and data from
three other laboratories.

BIR-1 This work Univ, Kiel MPI Mainz Univ St. John's

reference  (Mean) [+ ICP-MS SSMS ICP-MS
Li 34 3.36 0.32 31
Sc 4 413 1.4 41.9 43
Cr 382 380 36 343
Co 514 53 4 52.4
Ni 166 161 14 162
Cu 126 117 5 120
Zn 71 73 4
Ga 16 15 09
Rb 0.25 0.27 0,08 0.2 0.272 0.23
Sr 108 110 7 93.7 109 11
Y 16 13.2 0.8 15 16.8 15.6
Zr 15.5 13.4 0.9 127 12.1 16.3
Nb 0.6 0.49 0.04 0.49 .49 0.59
La 0.62 0.67 0.07 0.54 0.594 0.6
Ce 1.95 1.91 0.06 1.74 1.83 1.87
Pr 0.38 0.4 0.04 0.33 0.341 0.36
Nd 25 24 0.09 2.13 219 23
Sm 1.1 1.08 .11 | 1.07 1.06
Eu 0.54 0.56 (.05 0.47 0.457 0.56
Gd 1.85 1.73 0.08 1.53 1.52 1.73
Th 0.36 0.37 0.03 0.31 0.3 0.36
Dy 25 2.6 0.15 223 2.26 2.69
Ho 0.57 0.58 0.05 0.51 0.55 0.61
Er 1.7 1.66 0.04 1.49 1.5 1.7
Tm 0.26 0.25 0.02 0.22 0.23 0.24
Yb 1.65 1.66 0.09 1.51 1.36 1.63
Lu 0.26 0.25 0.02 0.22 0.23 0.25
Hf 0.6 0.61 0.04 0.57 0.36 0.60
Th 0.03 0.037 0.002 0.024 0.031 0.036

Notes: BIR-1 data from Govindaraju (1994), University (Univ.) of Kiel data from
Garbe-Schinberg (1993). Max-Planck-Institut (MPI) Mainz data from Jochum et al,
(1990). University of Saint John's data from Jenner et al. (1990). ICP-MS = induc-
tively coupled plasma-mass spectrometry, SSMS = spark-source mass spectrome-
try. Concentrations are in parts per million (ppm).

The rocks are hydrothermally altered to various extents. To quan-
tify the extent of alteration we visually estimated the percentage of
secondary minerals, which we refer to below as “degree of alter-
ation.” During Leg 148, thin sections were point-counted for alter-
ation minerals. The deviation of our visual estimates from the
shipboard point counts is less than 10%. The Shipboard Scientific
Parties of Legs 137, 140, and 148 (Becker, Foss, et al., 1992 Dick,
Erzinger, Stokking, et al., 1992; Alt, Kinoshita, Stokking, et al.,
1993) identified at least three different types of alteration. A frequen-
cy distribution of the degree of alteration in the different rock types
is shown in Figure 3. First, dark gray diabases affected by pervasive
background alteration up to 60%, but usually between 10% and 40%.
The diabases are affected by a pervasive background alteration dur-
ing which olivine was completely replaced by various secondary
minerals, clinopyroxene was partly replaced mostly by amphibole,
and plagioclase remained virtually unaltered except albitization
along cracks. Second, alteration halos along amphibole veins show
discoloration and variable degrees of alteration (Fig. 3) but are usu-
ally more extensively recrystallized than the host rock. The most ob-
vious difference between the halos and the adjacent host rock is the
higher abundance of amphibole in the halos (35%-70%) as compared
to the host diabase (5%-35%). This amphibole replaces virtually all
magmatic clinopyroxene in the halos. Generally, veins and halos are
more abundant in the section drilled during Leg 148 (21 veins/m, 1.2
vol% veins) as compared to Leg 140 (15 veins/m, 0.6 vol% veins)
(Alt, Kinoshita, Stokking, et al., 1993). Third, patches of intense al-
teration up to 80% recrystallized vary from centimeter to decimeter
scale and occur as irregular to subrounded, dark green areas grading
into host diabase. Within the patches, 45%—-80% of the igneous min-
erals are replaced by secondary phases, typically amphibole (ranging
in composition from actinolite to actinolitic hornblende to magnesio-
hornblende), chlorite, secondary magnetite, and titanite. The halos



Table 3. Comparison of chemical data of the laboratory standard BAS
140.

Sparks Zuleger et al. This study
(1995) (1995) (Mean) s
Major elements (wt%):
Si0, 50.6 50.6 50.4 0.05
Ti0, 0.99 1.00 .99 0.004
AlLO, 14.58 14.6 14.6 0.02
Fe,0; 11.08 113 112 0.03
MnO 0.19 0.19 0.18 0.004
MgO 8.14 8.21 8.15 0.04
CaO 12.41 12.5 12.5 0.03
Na,O 1.85 1.78 1.78 0.01
K,O ND ND ND
P50, 0.065 0.08 0.076 0.005
Trace elements (ppm):

Cr 192 194 192 1.7
Ni 85 81 81 0.5
Cu 84 83 82 1
Zn 85 78 78 0.5
Ga 15.6 16 16 0.6
Sr 45.5 47 47 0.6
b 26.6 27 30 0.9
Zr 44.8 49 49 0.6

Sparks Zuleger et al. This study

(1995) (this volume) (Mean) lo
Li ND 1.1 111 0.07
Se ND 43 44 |
Nb ND 0.56 0.55 0.02
La ND 1.0 0.98 0.07
Ce ND 38 38 0.1
Pr ND 0.78 0.76 0.05
Nd ND 49 4.8 0.1
Sm ND 2.08 2.06 0.05
Eu ND 0.8 .82 0.05
Gd ND 32 3l .1
Tb ND 0.60 0.62 0.04
Dy ND 45 4.4 0.15
Ho ND 0,98 0.96 0.02
Er ND 30 29 0.1
Tm ND 0.44 0.43 0.02
Yb ND 29 2.85 0.04
Lu ND 0.45 042 0.02
Hf ND 1.24 1.12 0.04
Th ND ND 0.021 0.006
U ND ND 0.007 0.003

Note: ND = not determined. Rare-earth elements in parts per million (ppm).

and the patches are thought to represent areas of extensive fluid-rock
interaction. Only one sample (Section 148-504B-247R-1, Piece 10)
shows both patches and haloed veins, where the age relationship
appears to be such that the patch was formed before the vein (Alt,
Kinoshita, Stokking et al., 1993). Alt et al. (1985, 1989, 1995) report-
ed millimeter-scale amygdules that apparently represent primary
vugs or pore space filled by amphibole, chlorite, laumontite, and epi-
dote in the alteration patches. These vugs can make up 15% to 20%
of the rock volume. Such amygdules were observed in one sample
from Leg 148 (Section 148-504B-252R-1, Piece 5) and consist of
needle-like amphibole. Thus, high primary porosity was present at
least locally in the Leg 148 section. Patches appear to be generally
restricted to regions with large average grain sizes (i.e., the center
parts of dike packets). Rock type and alteration type of all samples
under investigation are given in the heading of Table 4. It is important
to note that many samples are composed of different types of alter-
ation (e.g., dark + patch), this information is also given in Table 4.
The classification into groups (D = dark diabase, H = Halo, and P =
patch) was made on the basis of the prevailing type of alteration (for
a more complete petrographic documentation and photomicrographs
of the three rock types, see Alt, Kinoshita, Stokking, et al. 1993; Alt
et al., this volume; and Vanko et al., this volume). The Leg 140 Ship-
board Scientific Party (Dick, Erzinger, Stokking, et al., 1992) ob-
served a fourth rock type of light gray color and more intense
background alteration as compared to the dark diabases. This type of
rock was not sampled during Leg 148.
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Chemical Composition

Rocks from the sheeted dike complex (SDC) display an overall
remarkable homogeneity in chemical compositions. The composi-
tional range (in wt%) of samples from Leg 148 is as follows: Si0, =
47.9-50.3, TiO, = 0.54-1.03, AL,O; = 14.8-17.3, FeO* = 7.5-9.7,
MgO =7.8-10, CaO = 12.3-14.0, and Na,O = 1.57-2.11. These rang-
es are similar to those previously reported for the diabases of Hole
504B (Autio et al., 1989; Zuleger et al., 1995; Sparks, 1995). Basaltic
rocks from Hole 504B have been classified as olivine to quartz nor-
mative tholeiites of relatively primitive composition (Hubberten et
al., 1983; Emmermann, 1985). Trace-element compositions (in ppm)
of Leg 148 rocks are also similar to those from previous legs: Cr =
266-399, Ni = 86-167, Zr = 29-53, Y = 16-27, Sr = 50-66, La =
0.54-1.53, Ce = 2.2-5.5, Sm = 1.1-2.3, and Yb = 1.7-2.5. Overall,
the diabases display the trace-element characteristics of highly de-
pleted and relatively primitive basalts. Evidence for the unusual de-
pletion of the mantle source arises from the low (La/Sm)y (0.29-
0.42) and high Zr/Nb (83-140) ratios. The values differ drastically
from average depleted mid-ocean ridge basalts ([La/Sm]y= 0.65, and
Zr/Nb = 32; Hofmann, 1988). The generally low concentrations of in-
compatible elements and the high MgO, Cr, and Ni values indicate
that basaltic melts must have been primitive to mildly evolved. Th/U
ratios of the lower oceanic crust have been rarely reported so far but
they are important to construct mantle evolution models. Our data re-
veal Th/U ratios of the lower SDC in Hole 504B of 3 + 0.5. This is
not significantly different from the average Th/U of fresh MORBs
(2.6; Hofmann, 1988).

All rocks of the SDC are hydrothermally altered to various exients
accompanied with chemical changes as a result of varying mobilities
of elements during recrystallization. On the other hand, basalt glasses
from the volcanic section (Natland et al., 1983) show significant
chemical variability, probably because of magmatic differentiation
occurring upon cooling of a magma reservoir,

DISCUSSION
Chemical Variation With Depth

The chemical variation of the lower SDC rocks including samples
from Leg 140 (Zuleger et al., (1995) and Leg 148 (this work) are
shown in Figure 4. Depth intervals with abundant patches are marked
by the shaded areas.

Generally, the degree of alteration ranges to higher values in the
sections with alteration patches. TiO,, MnO, Zr, and CaO show low-
est and water shows highest concentrations in these zones of high
alteration. Two sections have MgO and Ni contents higher than usual,
one from 1700 to 1730 mbsf, and a second one at the lowermost part
of the drill hole (2080-2111 mbsf). In these intervals, MgO values
are between 9 and 10 wt% and Ni varies from 125 to 190 ppm. Some
elements display a crude sawtooth-like pattern in their variation with
depth. This is most clearly seen in the TiO,, Zr, and MnO data and
the reflected type of pattern is delineated by Ni and. less obvious,
MgO. This type of pattern becomes less apparent in depth intervals
where the sample spacing is wide (e.g., 1830-1900 mbsf). In the
depth interval 2000-2111 mbsf drilled during Leg 148 are trends of
decreasing MgO and Ni and increasing TiO,, Zr, and SiO, from 2000
to about 2050 mbsf, followed by reversed trends from 2050 to the
bottom of the hole. The water contents and degrees of alteration
exhibit a similar trend of decreasing values down to 2050 mbsf and
increasing values below. Zuleger et al. (1995) discussed a possible
relationship between such vertical variations and the intrusion of dike
packets with varying compositions, The new data support this possi-
bility as the systematic trends in Ni and Zr, for example, are well
developed in the lower section and these trends correlate with sys-
tematic decreases and increases in the average grain sizes (Alt, Ki-
noshita, Stokking, et al. 1993). Because the dikes are steeply dipping
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Table 4. Chemical compositions of Hole 504B diabases.

Core, section: 239R-1 240R-1 240R-1 241R-1 241R-1 241R-1 241R-1 242R-1 245R-1 246R-1
Interval {em): 45-51 41-45 95-99 11-15 4246 95-98 117-118 0-5 48-51 8=11
Piece no.: 14-HALO 1] 22 4 9 19 20 | 16 4
Depth (mbsf); 200085 2007.31 2007.85 2016.61 2016.92 2017.45 2017.67 2025.90 2043.28 2052.28
Lith. unit: 271 273 274 276 276 276 276 276 281 283
Rock type: M-POD S-PPD M-OPCD  M-POCD M-POCD M-POCD  M-POCD M-POCD S-FPD S-POD
Alteration type: Halo Dark Patch Dark Dark  Halo+amph.  Paich Patch + Dark Halo + amph.
patch + vugs (+patch?)  act.veins veins vugs + dark veins + dark

Group: H P P D D H P P D
Alteration (%) 70 45 70 30 30 65 70 60 50 30
Major elements (wi%):

5i0, 48.6 48.9 48.9 49.3 47.9 48.7 48.2 49.0 49.7 487

Ti0), 0.87 0.63 0.65 0.80 0.79 0.76 0.67 0.71 0.90 0.83

AlLLO, 16.5 17.3 16.6 17.1 16.8 16.4 17.3 16.2 15.6 16.0

FeO 6.47 6.25 6.67 6.07 5.95 5.96 6.20 6.51 6.62 6.71

Fe,0, 1.74 1.77 2,06 1.59 1.88 2.03 1.76 2.44 2.19 2.46

MnO 0.13 0.13 0.13 0.14 0.13 0.14 0.13 0.14 013 0.16

MgO 7.82 8.79 8.47 8.47 8.73 8.47 8.52 9.32 8.24 9.13

Ca0 129 13.0 12.5 14.0 13.7 13:5 13.0 128 13.1 12.7

Na,O 211 1.88 1.91 1.89 1.80 1.82 1.90 1.83 2,03 1.79

K.O <0.01 0.01 0.01 <0.01 <0.01 <0.01 0.01 0.01 0.0 <0.01

P,Os 0.06 0.04 0.04 0.05 0.06 0,05 0.04 0.05 0.06 0.06

H-0 1.76 1.65 1.76 1.32 1.55 1.59 1.62 1.72 1.13 1.34

Cco, 0.25 0.11 0.07 0.1 0.09 0.1 0.08

Sum 99,2 100.4 99.8 100.8 949.3 99.6 993 100.8 99,7 100.1

Mg# 65.8 68.9 66.3 69.1 69.3 68.3 68.4 68.0 65.5 67.0

FeO* 8.04 7.84 8.53 7.50 7.64 7.78 7.78 8.70 8.59 8.93

Fe'*fEFe 0.20 0.20 0.22 0.19 0.22 0.23 .20 0.25 0.23 0.25
Trace elements (ppm):

S <20 <20 30 70 <20 <20 35 80 310

Cr 71 370 339 334 330 383 345 266 3l

Ni 135 126 125 134 126 135 145 96 137

Cu 8 8 14 15 8 8 30 32 9]

Zn 44 + 45 36 40 41 41 33 48

Ga 15 14 15 15 15 13 13 16 16

Sr 58 58 57 56 55 59 53 57 55

Y 17 20 21 26 23 16 23 27 26

Zr 3] as 40 43 39 a2 37 47 43

Li 0.88 EI7 0.78

Sc 39 41 41

Rb 011 (.09 .10

Nb 0.27 0.31 0.26

La 0.71 0.94 0.70

Ce 272 349 2,62

Nd 3.32 4.28 3.7

Sm 1.45 1.85 1.47

Eu 0.65 0.71 .60

Gd 215 2.61 2.05

Tb 0.40 .50 0.39

Dy 3.0l 181 2.94

Ho 0.61 0.75 0.58

Er 1.86 2.31 1.84

Tm 0.27 0,33 0.26

Yh 1.84 2.22 1.81

Lu 0.28 0.32 0.26

Th 0.016 0.017 0.015

u 0.006 0.006 0.005

Thit 2,88 2.91 295

Zi/Nb 16 131 123

La/Nb 2.63 303 271

Th/Nb 0.060 0.053 0.058

(La/Sm), 0.32 0.33 0.31

(SmYb) 0.88 0.92 0.90

(79°-84°), it is possible that a small number of dike packets was pen-
etrated during Leg 148, although the thickness of such packets was
estimated to be less than 8.5 m (Umino, 1995). Another possibility is
to assume that alteration caused the compositional trends in such a
way that chlorite formation increases MgO (Ni?) and H,O, decreases
Si0,, and the larger amounts of secondary minerals dilute incompat-
ible elements like Ti and Zr. This dilemma makes a close inspection
of the possible chemical effects of magmatic differentiation and hy-
drothermal alteration necessary.

Magmatic Differentiation

The effects of fractional crystallization of plagioclase and olivine
(= clinopyroxene) on major-element compositions are well con-
strained (e.g., Bryan et al., 1976). We used crystallization models of
Nielsen (1990) and Weaver and Langmuir (1990) to assess the chem-

ical effects of fractional crystallization in rocks from Hole 504B. A
detailed discussion of the modeling is beyond the scope of this paper.
We thus present a summary of the modeling results and their impli-
cations.

1. Crystallization of primitive Hole 504B basalts starts either with
olivine or plagioclase, depending on the initial composition. Because
of the generally high Ca/Na ratios of the basalts, in many cases pla-
gioclase is the first liquidus phase and the plagioclase compositions
are unusually calcic (Angg o,; Natland et al., 1983).

2. The first liquidus phase is joined by the second within the first
4 wt% of crystallization, after which olivine and plagioclase crystal-
lize in a cotectic proportion of 2:1.

3. Clinopyroxene joins the fractionating mineral assemblage after
15%—30% of the initial melt is crystallized. Spinel is also an early lig-
uidus phase and crystallizes mostly along with plagioclase.
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Table 4 (continued).
Core, section: 246R-1 246R-1 246R-1 246R-1 247R-1 247R-1 247R-1 247R-1 248R-1 249R-1
Interval (cm): 26-30 46-50 66-70 103-107 18-26 30-33 46-50 76-79 55-58 4
Piece no.: 9 14 19 30 6 8 12 18 16 2
Depth (mbsf): 2052.46 2052.66 2052.86 2053.88 2056.88 2057.00 2057.16 2057.46 2062.35 2071.24
Lith. unit: 283 283 283 284 285 285 285 286 288 290
Rock type: 5-POD 5-POD S-POD 5-POD M-POD M-POD M-POD M-OPD M-CPD M-POD
Alteration type: Dark+ Dark Dark Dark+ Dark Dark Halo + amph. Dark Halo Dark
patch paich vein +dark
Group: P D D P D D H D H D
Alteration (%): 40 20 20 45 20 35 60 ND ND 30
Major elements (wi%):
5i0, 494 50.1 489 48.8 48.7 484 49.3 497 49.2 49.6
TiO, 0.87 0.88 0.86 0.73 0.82 0.76 0.77 0.95 0.92 1.03
Al O; 15.5 15.8 152 16.0 15.4 16.0 158 15.2 15.1 14.8
FeO 6.49 6.94 6.65 6.58 6.60 6.03 6.66 7.26 6.79 7.34
Fe,0, 278 2.66 2.86 2.11 297 2.78 1.85 216 244 2.59
MnQO .16 0.17 0.17 0.15 0.16 0.15 0.14 0.17 0.16 019
MgO 8.86 8.90 8.70 9.13 9.14 9.15 9.05 8.37 8.62 8.37
CaO 12.9 129 12.9 13.0 12.8 13.2 13.1 12.9 13.0 13.0
Na,O 1.85 1.87 1.83 1.74 1.76 1.71 1.82 1.91 1.87 211
KO0 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01
PO, 0.06 0.06 0.06 0.05 0.06 0.05 0.06 0.07 0.06 0.07
H.O 1,27 .14 1.32 1.54 1.24 1.78 1.56 0.93 1.23 1.34
CO, 0.09 0.09 011 0.09
Sum 100.2 101.4 99.5 99.8 99.7 100.1 100.2 99.6 99.3 100.3
Mg# 66.1 65.4 65.1 68.1 66,1 68.0 68.3 64.3 65.5 63.1
FeO* 8.99 9.33 9.22 8.48 9.27 8.53 8.33 9.21 8.99 9.67
Fe™/ZFe 0.28 0.26 0.28 0.22 0.29 0.29 0.20 0.21 0.24 0.24
Trace elements {wi%):
5 310 560 330 <20 920 560 <20 1010 350 210
Cr 370 362 396 379 376 399 37 333 336 267
Ni 16 123 113 132 145 140 124 102 11 86
Cu 104 89 105 22 98 115 10 95 76 77
Zn 50 55 60 40 54 47 34 72 50 53
Ga 14 15 13 14 14 15 14 15 14 15
Sr 56 55 54 54 54 52 53 65 61 66
Y 27 23 27 19 23 24 24 24 23 27
Zr B 42 4 34 41 40 40 50 47 53
Li 0.69 0.79 1.05 0.91 1.03 1.06
Sc 45 45 42 43 44 45
Rb 0.06 0.0 0.05 0.04 0.24 0.23
Nb 0.30 0.28 0.29 0.36 .46 0.59
La 0.94 0.75 (.98 1.21 1.40 1.53
Ce 3.75 2.86 3.67 4.52 4.99 546
Nd 440 347 4.31 5.20 5.37 6.18
Sm 1.82 1.60 1.75 2.08 215 235
Eu 0.74 0.63 0.72 0.79 0.84 0.95
Gd 2.70 2.35 2.59 2.90 3.10 345
Tb 0.51 0.41 0.50 0.54 0.57 0.61
Dy 3.79 3.02 3.62 4.02 4.08 4.25
Ho 0.76 0.62 0.75 0.79 0.82 0.90
Er 2.37 1.90 232 242 2.54 2.65
Tm 0.34 0.27 0.33 0.36 0.35 0.38
Yh 2.32 1.82 2.28 2.38 2.30 2.50
Lu 0.33 027 0.33 0.35 0.34 0.37
Th 0.015 0.012 0.013 0.025 0.027 0.031
u 0.006 0.005 0.004 0.009 0.009 0.008
Th/U 2.54 237 129 2.88 2.81 3.69
Zr/Nb 140) 122 138 139 101 90
La/Nb il 2,70 3.35 3.38 3.05 2.58
Th/Nb 0.049 0.041 0.045 0.071 0.058 0.053
(La/Sm), 033 0.30 0.36 0.38 (.42 0.42
(Sm/Yb), 0.87 0.98 0.85 097 1.04 1.04

4. A maximum of 50% crystallization of a parental melt, corre-
sponding to cooling from 12607 to 1170°C, can account for the chem-
ical variability of most elements (except very mobile elements like S,
H,0, and Cu and highly incompatible elements like Th, LREEs, Nb,

etc.). The larger variability of mobile elements is clearly an effect of

hydrothermal alteration, whereas the larger variability of highly in-
compatible elements has been previously explained by heteroge-
neous mantle (e.g., Tual et al., 1985) or multi-stage melting (e.g.,
Autio et al., 1989).

5. The net chemical consequences of advanced fractional crystal-
lization are decreases in MgO, Al,O,, CaO, Cr, and Ni and increases
in Si0,, TiO,, FeO*, Na,0, Zr, REE, and other incompatible ele-
ments. Concentrations of Cu, Sr, and Co are not drastically changed
when the degree of fractional crystallization is small (< 50%).

6. Fractional crystallization cannot significantly change the ratios
of highly and moderately incompatible elements (e.g., Nb/Zr) and
moderately and mildly incompatible elements (e.g., Zr/Ti).

Chemical Effects of Alteration

Details of the diverse alteration mineralogy of the lower SDC are
discussed in Alt et al. (this volume) and Vanko et al. (this volume).
The basic chemical changes that accompany the various types of al-
teration are listed in Table 5.

One possible way to assess the degree of chemical alteration is to
determine H,O* concentrations, because water can only be gained
during alteration in these rocks. The problem is that secondary phases
have different water contents. For example, talc is formed at low
water-rock interaction, but has high water contents and thus obscures
the correlation between water contents and degree of alteration.

Figure S plots selected elements vs. the degree of alteration with
the different rock types represented by different symbols. The weak
correlation observed between water content and the degrees of
alteration indicates a net gain of water because of the formation of
secondary minerals (amphibole, chlorite, talc, etc.). Very high water
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Table 4 (continued).
Core, section: 249R-1 249R-1 250R-1 250R-1 251R-1 251R-1 251R-1 251R-1 252R-1 252R-1
Interval (cm): T1-76 0-5 14-21 98-102 12-17 72-76 T6-80 105-109 4-8 15-20
Piece no.: 24 1 4 28 4 11 12 20 2 5
Depth (mbsf): 2071.91 2072.68 2080.54 2081.38 20190.02 2090.62 2090.66 2090.95 2099.44 2099.55
Lith. unit: 290 291 291 291 293 293 293 293 293 293
Rock type: M-POD M-POCD  M-POCD M-POCD M-POCD M-POCD M-POCD M-POCD M-POCD M-POCD
Alteration type: Dark Dark Dark Halo + amph. Paich Dark Green Dark Patch Patch
vein + dark + vugs (patch?) + dark + vugs
Group: D D D P D P D P P
Alteration (%): 30 10 15 40 60 30 60 20 60 80
Major elements (wtS):
510, 50.3 494 49.7 494 48.5 48.6 48.4 48.7 48.1 48.9
TiO, 0.84 0.87 0.86 0.85 0.67 0.72 0.72 0.78 0.76 0.54
Al;O4 16.4 16.1 159 15.6 15.5 16.5 15.8 16.3 16.2 15.1
FeO 6.43 6.82 6.81 6.45 7.31 6.68 6.82 6.31 6.80 6.95
Fe, 0, 228 207 202 2.23 1.88 1.99 1.91 233 1.88 211
MnO 0.15 016 0.16 0.16 0.14 0.15 0.15 0.15 0.14 0.15
MgO 880 8.25 8.27 8.65 9.83 9.45 9.46 9.23 10.01 9.65
Cal 13.4 13.1 13.0 12.8 12:5 13.0 13.0 13.4 129 12.3
Na,0 1.85 1.88 1.93 1.93 2.02 1.57 1.60 1.70 1.61 1.96
K0 <0.01 <(1.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.02
POy 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.06 0.05 0.04
H,O 1.35 0.88 1.14 1.63 252 1.91 .64 1.47 2.07 1.44
co, 0.1 0.1 0.1 0.06 0.07 0.11
Sum 101.8 99.6 99.8 99.9 101.0 100.5 99.6 100.5 100.6 99.3
Mg# 67.3 65.3 65.5 66.9 68.4 68.8 68.7 68.5 70.0 68.4
FeO* 8.48 8.68 8.63 8.45 9.00 8.47 8.54 8.41 8.49 .85
Fe™/EFe 0.24 0.21 0.21 0.24 0.19 021 0.20 0.25 0.20 0.21
Trace elements (ppm):
S 1 970 570 70 <20 1460 20 310 120 <20
Cr 332 326 325 386 355 366 316 333 319 375
Ni 121 109 104 11 147 160 140 139 167 147
Cu 38 86 82 9 6 93 18 171 43 6
Zn 38 69 66 44 49 49 39 42 42 49
Ga 15 15 16 16 13 14 14 14 15 12
Sr 59 66 6l 59 60 51 53 54 50 61
X 22 21 22 25 21 20 23 24 24 19
Zr 43 46 42 45 34 36 36 39 38 29
Li 0.98 0.96 1.26 1.88 1.44 0.27
Sc 41 43 42 38 44 37
Rb 0.17 0.15 0.13 0.13
Nb 0.51 0.40 0.37 0.25 0.32 0.23
La L13 1.21 1.18 0.58 0.96 0.54
Ce 4.08 4.40 431 2.51 3.52 2.17
Nd 4.64 4.99 4.91 312 4.01 291
Sm 1.82 1.93 2.00 1.29 1.67 112
Eu 0.74 0.77 0.33 .62 0.69 0.68
Gd 2.60 2.87 2.90 1.93 245 1.79
Th 0.48 0.49 0.53 0.35 0.46 0.34
Dy 3.40 3.38 3.6l 2.90 312 2.55
Ho 0.71 0.72 0.73 0.61 0.66 0.57
Er 218 201 2.27 1.85 2.08 1.63
Tm 0.30 0.31 0.32 0.30 0.30 0.23
Yb 2.05 2.03 2,10 1.93 1.94 1.74
Lu 0.29 0.30 0.29 0.30 0.28 0.25
Th 0.030 0.024 <(.02 0.3 <0.02 0.022
U 0.007 0.008 <0.01 0.005 <0.01 0.008
ThiU 434 2.93 2,69 2.60
Zt/Nb 83 116 113 136 112 124
La/Nb 222 3.06 3.19 2.30 3.03 234
Th/Nb 0.059 0.061 0.054 0.094
(La/Sm), 0.40 0.41 0.38 0.29 0.37 0.31
(Sm/Yh)y 0.99 1.06 1.06 0.74 0.96 0.72

Note: See text for sample descriptions and analytical precisions. Group letters H, P, and D explained in text. Lith. unit = lithologic unit. Rock type abbreviations are as follows: S-
sparsely phyric, M- = moderately phyric, P = plagioclase, O = olivine, C = clinopyroxene, and D = diabase. act. = actinolite, and amph = amphibole. ND = not determined. Mg# =

molar ratio (Mg/[Mg + Fe 0.9]) x 100,

concentrations (up to 6 wt%) as reported from rocks of Leg 140
(Zuleger et al., 1995) have not been observed in Leg 148 diabases.

Following are other observations on chemical trends with percent-
age of alteration:

1. Possible slight decreases of CaO and SiO, and possible in-
creases of MgO (chloritization, Table 5). However, these
trends are poorly defined.

2. Variable enrichments and depletions of Na,O resulting from
the formation of secondary albite-oligoclase (gain) and chlo-
rite (loss).

3. Drastic decreases in TiO,, MnO, Zr, and Ce (and other REEs)
in the more altered rocks, which are particularly obvious in the
alteration patches.

4. Dramatic decreases in Cu and S, probably because of the

breakdown of primary sulfides (e.g.. chalcopyrite), and locally
redistribution of Cu and S through precipitation of secondary
sulfides (cf. Alt et al., 1993).

5. Overall decreases in Zn concentrations from 70 to 30 ppm

within the dark diabases with 10%-50% alteration and a pos-
sible slight increase in Zn contents within the most extensively
altered patches.

Most trends are more obvious if the alteration halos are excluded,

suggesting that the particularly complex alteration mineralogy of the
halos obscures chemical trends. On Figure 6, many elements (e.g.,
Ca, Ti, Na, S, Cu, Zn, Zr) show considerable compositional scatter
only above about 20% alteration. However, some of the composition-
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Figure 3. Histograms of degrees of alteration in the different rock types of
the lower sheeted dike complex in Hole 504B. Shaded bars = Leg 140
(Zuleger et al., 1995). and open bars = Leg 148 (this work). Note that the
background alteration within the dark diabases is slightly higher in Leg 148,

al variability is probably the result of primary magmatic ditferences
in rock chemistry.

Nature of the Patches

One of the most intriguing results of studying the chemistry of the
SDC drilled at Site 504 is the peculiar depletion of incompatible ele-
ments in the alteration patches. In this paper, we discuss several pro-
cesses that could be related to the formation and the depleted nature
of the patches and try to evaluate the merits and limitations of differ-
ent models.

Several authors studied the chemistry of alteration patches in the
lower SDC in Hole 504B and their findings and conclusions differ in
many respects. Zuleger et al. (1995) reported that REEs (and Zr, Ti,
Y) are increasingly depleted as the rocks become more altered, and
that the depletion is particularly high in alteration patches. Sparks
(1995) stated that REEs, Zr, Ti, and Y are not depleted in rocks up to
60% alteration and that the depletions are restricted to alteration
patches. Gorton et al. (1995) interpreted variations in REE and Zr as
reflecting mantle source heterogeneities and observed significant
losses of Cu, Zn, and Ti and some loss of La. Kepezhinskas et al.
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(1995) thought that the variable REE depletions represent original
magmatic characteristics of the crust. In contrast to the findings of
Zuleger et al. (1995), Kepezhinskas et al. (1995) reported slight La
and Ce increases with progressive degree of alteration and virtual
immobility of the other REEs.

Our results unequivocally support the finding of Zuleger et al.
(1995) that REE concentrations are lower in highly altered rocks and
are particularly low in alteration patches. This is demonstrated in Fig-
ure 6A where REE patterns of increasingly altered rocks are plotted.
A remarkable feature is the positive Eu anomaly displayed by the
most altered samples. Figure 6B shows the average REE concentra-
tions of dark diabases and alteration patches with filled areas repre-
senting the standard deviations. On average, the alteration patches
have lower REE concentrations and slightly positive Eu anomalies.
There are more chemical differences between patchy and dark dia-
bases. Table 6 summarizes a comparison of the mean chemical com-
positions of these two rock types. Elements with significant changes
are printed in italic style, whereby we defined differences exceeding
the standard deviations as significant. Beside the REEs, Nb, Zr, Ti,
Cu, Zn, and S also show significant losses, whereas water shows sig-
nificant gains. Figure 7 shows the compositional differences between
patch and dark diabase in the order of increasing degree of depletion.
S and Cu are most extensively depleted in the patches followed by the
LREEs. Nb, Th, MREEs, Zr, Zn, Eu, HREE, Ti, Mn, P, Fe, Sr, Ca,
and Si. Enrichments are indicated only of Mg, Al, Cr, Ni. and H,0.
The REEs (plotted as inset in Fig. 7) show larger depletions in LREE
(La, Ce, Nd) as compared to the heavier REEs. Eu displays a smaller
degree of depletion than the neighboring elements.

Mobilization of Nominally Immobile Elements

Rare-earth elements and elements of high field strength (Zr, Nb,
Ti) are generally considered as being immobile during most alter-
ation processes (e.g., Pearce and Norry, 1979). Gillis et al. (1992)
argued that REE concentrations either would not change or would in-
crease during rock alteration at high temperatures. In contrast, Sparks
(1995) suggested the mobilization of REEs (and Zr, Ti, and Y) during
intensive alteration of the patches in Hole 504B and discussed the
possibility that the alteration patches could be a source for the high
REE concentrations in high-temperature hydrothermal fluids (e.g..
Michard, 1989).

Figure 8 depicts schematic patterns of such a hydrothermal fluid
and a hypothetical fluid carrying the REEs lacking in the alteration
patches (cf. Fig. 7). In contrast to the marked positive Eu anomaly
typical for all high-temperature hydrothermal vent fluids, the “patch
fluid™ would have a negative Eu-anomaly. As the hydrothermal flu-
ids continuously react with the rocks such that calcic plagioclase,
oligoclase, and albite (in order of decreasing fluid temperature) are
formed (e.g., Altet al., 1995), Eu would become more depleted in the
fluid in the course of upwelling, thus leading to even more pro-
nounced negative Eu anomalies. This sort of consideration makes a
simple relationship between the REE depletion in the alteration
patches and the REE enrichment in hydrothermal fluids unlikely,

In general, a mobilization of such large amounts of (nominally
immobile) elements is difficult to envision. Chloride complexes
would transport the LREEs more efficiently than the HREEs (Wood,
1990, and references therein), but they are unlikely to leach large
quantitics of REEs unless the water/rock ratios are extremely high
(>10°, Michard and Albarede, 1986). Carbonate complexes as poten-
tial carriers of REEs cannot account for this depletion because the hy-
drothermal fluids are acidic and hence do not contain sufficient
amounts of carbonate or bicarbonate ions. Fluoride complexes would
preferentially transport the heavy REEs (Walker and Choppin, 1967)
which would cause the opposite trend of what has been observed.
Sulfate complexes are important in acidic solution but show little
preference between the LREEs and the HREEs (Wood, 1990, and ref-
erences therein).
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Figure 4. Chemical variation of the lower sheeted dike complex with depth. Open symbols = Leg 140 (Zuleger et al. 1995), and solid symbols = Leg 148 (this
work; Alt, Kinoshita, Stokking, et al., 1993). Squares = dark diabases, circles = patches, triangles = halos, and diamonds = light diabases (only Leg 140). Shad-

ing marks regions with abundant patches.

Little is known about the mobilities of nominally immobile ele-
ments when a rock reacts with very high-temperature fluids (500°C),
as was the case for the alteration halos and the alteration patches. It
is, however, interesting that the patches are depleted but the halos are
not. In short, in view of these theoretical considerations, a profound
incompatible element depletion of the patches through alteration is
hard to explain.

Mass-balance Calculations

To make a more quantitative approach to assess possible element
transports during alteration, we used the mass-balance calculation
methods of Gresens (1967) and Grant (1986).

Strict application of mass-balance calculations to the problem of
element mobilization in basaltic rocks has shown that in many cases
volume changes during metamorphism can account for the changes
in REE contents rather than mobility of REEs (Bartley, 1986).

On the other hand epidosites in ophiolites sometimes exhibit near-
ly quantitative removal of Zr and Y (Schiffman and Smith, 1988).
These epidosites are different from other metabasites: they are totally
recrystallized into granoblastic textures. This texture and the deple-
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tions of Mg, Na, and sometimes Al argue for very high water/rock
ratios of about 500 (Schiffman et al., 1990; Nehlig et al., 1994).

Gorton et al. (1995) declined the application of mass-balance cal-
culations to Hole 504B rocks, because of too large primary chemical
differences of the dikes. We therefore restrict our mass-balance con-
sideration to one section (Section 140-504B-193R-1) where Zuleger
et al. (1995) analyzed a piece of dark diabase adjacent to a virtually
completely recrystallized patch. A Grant plot showing the gains and
losses in various elements is depicted in Figure 9. If the chemical
composition had not been changed, the data would plot along the sol-
id lines, assuming no volume changes or mass changes.

In Figure 9, most elements plot below the solid lines (i.e., would
have been mobilized during alteration). The plot indicates gains in
H,O0, Rb, and Cr, and virtually no changes in Si, Mg, Al, and Fe. Ex-
cept Cu and S, elements like Zr, REEs, Nb, and Th would be the most
effectively mobilized ones. Another approach to mass transport phe-
nomena is to assume that certain elements are immobile. As dis-
cussed earlier, REEs, Zr, Nb, and so on, are commonly thought to be
immobile. These elements plot along the dashed line in Figure 9 and
the slope of this line is proportional to the volume change of the al-
teration process. All elements plotting above the dashed line must
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Table 5. Simplified chemical effects of various types of alteration.

Uralitization Chloritization Albitization Epidotization llmenite-Titanite
Cpx—Amph OVCpx/Plg—Chl Plg—Ab Plg—Epi lm—Tit
Loss Gain Loss Gain Loss Gain Loss Gain Loss Gain
Si0, H,0 $i0, MgO €a0 Na,0O Si0, Ca0 FeO Ca0
Ca0 Ca0 H,0 ALO;  SiO, H,0 TiON?)  Si0,
ALO;

Note: Cpx = clinopyroxene, Amph = amphibole, Ol = olivine, Plg = plagioclase, Chl = chlorite, Ab = albite, Epi = epidote, llm = ilmenite, and Tit = titanite.
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Figure 5. Variation of rock chemical compositions with degree of alteration. Symbols as in Figure 4.,
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249R-2, 0-5 cm, 10% alt., dark
247R-1, 18-26 cm, 20% alt., dark
249R-1, 71-76 cm, 30% alt., dark
246R-1, 103-107 cm, 45% alt., patch
251R-1, 12-17 cm, 60% alt., patch
241R-1, 117-118 cm, 70% alt., patch
252R-1, 15-20 cm, B0% alt., patch
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Figure 6. Rare-earth element (REE) patterns of selected samples from Leg
148. A, Various extents of REE depletion within the dark diabases and the
patches. B. Mean REE contents of dark diabases and patches, respectively.
The stippled areas represent standard deviation of the mean. Note that
patches are significantly depleted in REEs and have positive Eu anomalies.

have been added to the rock. This approach yields volume changes of

around 100% which are unrealistic as primary magmalic textures are
preserved in many patches. Bartley (1986) considered volume chang-
es of up to 30% as a maximum for rocks showing preservation of pri-
mary textures. Gresens’s calculations also yield unrealistically high
volume factors of up to 2. This holds true not only for the dark/patch
pair of Section 140-504B-193R-1 but for many other dark/patch pairs
that have been taken into consideration.

We conclude that alteration might be capable of producing deple-
tions in REEs, Y, Ti, Zr, Nb, etc., to some extent, but that the
observed dramatic depletion of these elements in the patches through
alteration is improbable, especially because the major elements are
virtually unchanged. Moreover, alteration halos around amphibole
veins have similar alteration mineralogy and some are also intensive-
ly altered, but halos do not show the same sort of depletion, suggest-
ing that the chemical depletion of the patches might be of primary
nature.

Primary Depletion of the Patches

Zuleger et al. (1995) proposed a primary depletion of the patches
through expulsion of late-stage, highly differentiated interstitial melt,
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leaving a rock depleted in incompatible elements.This process must
have been somehow related to the formation of high porosities that
led subsequently to high fluid flows through these more permeable
areas. The high fluid flow resulted in intense water-rock interaction
and high degree of recrystallization. Evidence for the presence of
such highly evolved interstitial melts are provided by small pockets
of granophyric quartz and albite with minor clinopyroxene, apatite,
and Fe-Ti oxides (Dick. Erzinger, Stokking, et al., 1992). The diffi-
culty with this concept is to find a physically reasonable process for
the separation of these melts from the solid residue (i.e., a driving
force for the liquids). Exsolution and expansion of volatiles in mag-
mas has been discussed as a possible mechanism in Zuleger et al.
(1995). Indeed, volume expansion of volatile-rich magmas and coin-
ciding segregation of gas vesicles has been documented recently in
basalts from the Lau Basin (Bloomer, 1994). However, the Lan Basin
example may not be strictly comparable to the situation at Site 504,
because the primary water contents of these back arc basin basalts
were high and the eruption depth relatively shallow. Taking the prim-
itive and depleted nature of Hole 504B basalts into account, the pri-
mary water contents must have been very low, maybe in the order of
0.1 or 0.2 wt% (cf. Michael, 1988). The solubility of water in basaltic
melts at 1200°C and 1 kbar is as high as 4 wi% (Burnham, 1975). It
would thus need at least 95-98 wt% fractional crystallization to get a
melt supersaturated in water.

Exsolution of CO, could be an alternative mechanism, since the
solubility of CO, in basaltic melts is low (0.44 ppm/bar: Stolper and
Holloway, 1988) and nucleation and growth of CO, bubbles starts al-
ready at great depths (e.g., Bottinga and Javoy, 1990). However, tak-
ing into account the molar volume of CO, at 1200°C and 1 kbar, it
would take 0.25 to 2.5 wt% CO, exsolved to account for a porosity of
2 to 20 vol% (calculated assuming a perfect gas). The primary CO,
contents are probably lower than 400 ppm (Fine and Stolper, 1986)
and therefore such high CO, concentrations are unrealistic. More-
over, high degrees of supersaturation result in drastically lower nu-
cleation rates of the CO, bubbles, thus inhibiting exsolution and
segregation of CO, bubbles particularly because ascent velocities of
basaltic melts in dikes are high (1 m/s; Delaney and Pollard, 1982).

The amygdules found in many patches are thought to represent
primary pore space ranging from 2% to 20%. The subrounded shapes
of many amygdules are similar to gas vesicles and exsolution of gas
could potentially drive out interstitial melt leading to the depleted na-
ture of the patches. However, because of the simple calculations
made above we feel that volatile-rich magma expansion is not very
likely to occur in dikes of the oceanic crust. We therefore favor the
possibility that the amygdules represent primary pore space produced
by shrinkage during crystallization of the melt and subsequent cool-
ing of the rock. The idea of late-stage melt expulsion must not neces-
sarily be rejected, if these interstitial liquids were just squeezed out
mechanically (e.g., during dike compaction).

This puzzling question remains: Why are the patches depleted in
incompatible elements and highly altered at the same time? We do
not favor alteration to account for the depletion and we hardly can
think of a reasonable physical process that may have expelled or
squeezed out late-stage interstitial melts.

Yet another problem with the late-stage melts as an explanation 1s
that they would be enriched in Zr and REEs but not in Ti, which
would decrease after FeTi-oxides join the fractionating mineral
assemblage (Fig. 10). The observed simultaneous depletion of Ti and
Zr, REEs, Nb, etc. is therefore difficult to explain by removal of late-
stage melts. A third possibility would be to regard the patches as
xenocrystic material that was incorporated in the melt upon dike in-
trusion. If the material were highly altered, water-rich diabases or
gabbros, this could account for both the high alteration and the chem-
ically distinct (depleted) compositions. Petrographic studies of the
patches, however, do not support a xenocrystic nature of the patches,
since clear textural changes across the patch margins have never been
observed.
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Table 6. Comparison of compositional range and average compositions of dark diabases and patchy diabases.

Dark (N = 28,9) Patch (N =12, 5)
Min. Max. Mean SD Min. Max Mean SD
Major elements (wit%):

10, 47.88 50.33 4942 0.66 48.11 50.34 48.86 0.59
TiO, 0.72 1.03 0.84 0.07 0.54 .87 0.71 0.09
AlO; 13.78 17.14 15.44 0.78 14.85 17.30 16.04 0.75
FeO* 7.50 9.75 8.75 0.53 7.78 9.00 8.45 0.43
MnO 0.13 0.19 0.16 0.02 0.12 0.16 0.14 0.01
MgO 8.24 9.88 8.87 0.41 8.47 10.01 9.13 0.53
CaO 12.48 14.03 13.03 0.30 12.33 13.35 12,87 0.29
Na,0 1.57 2.11 1.82 0.13 1.60 2.02 1.83 0.14
P.0Os 0.03 0.07 0.05 0.01 0.04 0.06 0.05 0.01
H,0 0.30 1.91 Lol 0.45 0.68 2.52 1.58 0.47

Trace elements (ppm):

s 20 1538 745 538 20 308 118 106

Cr 205 399 312 49 247 383 343 43

Ni 86 160 120 19 101 167 136 17
Cu 14 171 80 1 6 104 25 27
Zn 31 72 50 H 27 50 41 7
Ga 13 16 15 1 12 16 14 1

Sr 48 66 57 5 50 61 56 3

Y 19 29 23 2 16 27 21 3

Zr 6 53 45 5 29 48 37 6

Li 0.69 1.44 1.06 0.21 0.27 1.88 092 0.59
Sc 34 47 4] 3 37 48 41 4
Rb 0.04 0.23 012 0.06 0.09 0.1 0.0 0.01
Nb 0.29 0.59 0.38 0.10 0.23 0.28 0,26 0.02
La 0.94 L.53 L2 0.19 0.54 0.75 .66 0.09
Ce 349 5.46 413 0.63 217 2.86 2.58 0.26
Nd 4.01 6.18 4.77 0.65 2.91 347 120 0.21
Sm 1.67 235 1.92 0.20 1.12 1.60 1.39 0.19
Eu 0.69 0.95 0.77 0.08 .60 0.68 0.64 0.03
Gd 215 345 275 0.35 1.79 2,35 2.05 0.21
Th 0.46 .61 0.51 0.04 0.34 041 0.38 0.03
Dy 324 4.25 3.68 0.32 2.55 3.02 2.88 0.19
Ho 0.66 0.90 0.75 0.06 0.57 0.62 0.60 0.02
Er 2.1 2.65 2.31 017 1.63 1.90 1.82 0.10
Tm 0.30 0.38 0.33 0.03 0.23 0.30 0.27 0.02
Yh 2.03 2.50 222 0.17 1.74 1.93 1.83 0.07
Lu 0.28 0.37 0.32 0.03 0.25 0.30 0.27 .02
Th 0.013 0.031 0.022 0.007 0.012 0.022 0.016 0.004
U 0.004 0.009 0.007 0.002 0.008 0.006 0.001

0.005

Notes: Numbers in italic typeface indicate elements that are significantly different in patches. N = number of XRF and ICP-MS analyses, respectively. Min. = minimum, Max. = max-

imum, and 5D = standard deviation,

Zn, Cu, and S Depletions

Dick, Erzinger, Stokking, et al. (1992) reported a generally de-
creasing trend of Zn concentrations in the lower part of the SDC in
504B (>1600 mbsf), the so-called “reaction zone.” At the same time
Cu and S show various extents of depletion on the meter scale and
have a crude bimodal distribution. This was explained by Zuleger et
al. (1995) and Sparks (1995) as evidence for silicate-controlled be-
havior of Zn and sulfide-controlled behavior of Cu and S. In rocks
from Leg 148. Zn and Cu show a poor covariation and Cu exhibits a
bimodal distribution (Fig. 11). Most of the dark diabases have high
Cu concentrations around 80 ppm, which is close to the Cu concen-
trations of fresh lavas from Hole 504B (Hubberten et al., 1983). Most
of the patches and halos have low Zn and Cu concentrations, with Cu
being more extensively leached than Zn.

Simultaneous Cu and Zn depletion are known from many ophio-
lites and such base-metal depleted zones have been referred to as
reaction or root zones of hydrothermal fluids (e.g., Richardson et al.,
1987; Schiffman et al., 1990; Nehlig et al., 1994). The base-metal
depletion in ophiolites, however, occur in epidosites which are ex-
tremely altered and are often intercalated with more normal green-
schist diabases. These epidosites are thought to be conduits for
extremely high fluid flow, often parallel to dike margins (e.g., Nehlig
etal., 1994). A general Zn depletion as observed in the lower SDC of
Hole 504B has been reported by Harper et al. (1988) from the basal
SDC of the Josephine ophiolite.

Altet al. (1995) proposed that sulfide dissolution, sulfide precip-
itation and sulfate formation occurring all over the lower SDC are
responsible for the perplexing pattern of depth variation of Cu and S.
In the section drilled during Leg 148, Cu and S show similar behavior

to that in the upper sections. The general trend of progressive Zn de-
pletion with depth from 1600 to 2000 mbsf changes somewhat in the
Leg 148 section (2000-2111 mbsf). Although low Zn contents simi-
lar to the overlying dikes are still present, higher Zn contents also oc-
cur, particularly below 2050 mbsf. This general trend is displayed by
our data and the “shipboard data set” of Leg 148 (Alt, Kinoshita,
Stokking, et al., 1993). On the diagram of Zn vs. degree of alteration
(Fig. 5). Zn contents of dark diabases and halos generally decrease,
but increase in the patches. In our opinion, two explanations for such
a behavior of Zn are possible: first, a phase in the patches retains Zn,
or more likely, takes up Zn (lost during alteration of the dark diabas-
es) from hydrothermal fluids, and second, the patches are altered at
high temperatures where the solubility of Zn is decreased. The latter
possibility was also proposed by Sparks (1995) on the basis of results
of Seyfried and Janecky’s (1985) leaching experiments, which indi-
cated a maximum solubility of Zn and Cu between 375° and 400°C
and markedly decreased solubility at higher temperatures. This could
mean that the rocks of the SDC were altered by pervasive fluids of
optimal temperature for Zn leaching (375°-400°C) in depths where
the Zn depletion is most obvious (1700-2000 mbsf). Trends of in-
creasing '*O depletion continue to the final depth of Leg 148, sug-
gesting that temperatures of pervasive alteration are indeed higher
than in the cores recovered during Leg 140 (Alt et al., this volume).

CONCLUSION

Rocks of the lower SDC drilled during Leg 148 (2000-2111
mbsf) exhibit similar chemical characteristics to those previously
recovered from Hole 504B. They are also highly depleted in incom-
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Figure 7. Bar chart, showing average element concentrations in alteration patches divided by the average concentrations in dark diabases in order of increasing
depletion. Numbers < | indicate depletion (loss), whereas numbers > | indicate enrichment (gain). The inset shows the same sort of diagram for the REEs.
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Figure 8. Schematic sketch, demonstrating the difference in REE pattern of
hydrothermal fluids and a hypothetical fluid that transports the REEs mobi-
lized from patches. Seawater pattern is shown for reference. Cone. = concen-
tration, and arb. units = arbitrary units. See text for discussion.

patible elements and show a small range in chemical compositions,
most of which can be explained by moderate degrees of magmatic
differentiation.

A crude sawtooth pattern in the depth variation of Zr, Ti, and Ni,
which is most obvious between 1900 and 2111 mbsf, could be inter-

preted as magmatic trends suggesting intrusions of multiple dike
packets.

Hydrothermal alteration in the lowermost section is generally
more intense than in the section above. The effects of this alteration
on the rock chemistry are slight gains of MgO and H,O and losses of
Ca0, TiO,, and SiO,.

Alteration halos and alteration patches are widespread in the low-
er SDC. Alteration patches are most abundant from 2000 to 2030
mbst and between 2085 and 2111 mbsf, where average grain sizes are
large, which promotes high alteration of the interior parts of dike
packets. The alteration halos show no systematic chemical trends and
no clear relationship to the degree of alteration.

In contrast to alteration halos, patches of intense alteration are sig-
nificantly depleted in REE, Zr, Nb, Ti, etc., and exhibit positive Eu
anomalies. Theoretical considerations and mass-balance calculations
indicate that this depletion is probably not solely the consequence of
intensive alteration, but rather reflects primary differences between
the patches and the neighboring diabases. It remains unclear how
such differences could be related to magmatic differentiation pro-
cesses within the dikes.

The alteration patches are significantly enriched in H,O and high-
ly depleted in Cu (Zn) and S. This makes the lower SDC a possible
source for base-metal deposits in the oceanic crust.

Regardless of whether or not the REE depletions of the patches
are a matter of alteration, the patches cannot be simply regarded as
sources for the REEs in high-temperature hydrothermal fluids. If
hydrothermal fluids inherited their REEs inventory solely during for-
mation of the patches, they would have negative Eu anomalies in-
stead of positive ones.

The questions of the formation of alteration patches, their miner-
alogical (but not chemical) similarity to alteration halos, and the pe-
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calculated using the program of Nielsen (1990). The model assumes a paren-
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ppm La. Note that Ti concentrations would decrease after a certain amount of
crystallization (about 80%), whereas Zr and REEs would continuously
increase. The model assumes the amount of fractionation occurring within
the solidification zone before recharge to be 70% (cf. Nielsen, 1990). Sym-
bols represent compositions of interstitial melts in a hypothetical solidifica-
tion zone. Solid lines represent compositions of the melts in the dike interior
where no crystallization takes place. The kink in the Ti trend is at 80 wt% of
crystallization.
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Figure 11. Zn vs. Cu for lower SDC rocks of Leg 148. Symbols as in Figure
4. Shading marks the approximate primary range of Hole 504B lavas.

culiar depletion in nominally immobile elements remains largely
unanswered and needs further attention.
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