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11. GEOCHEMICAL WELL LOGS AND THE DETERMINATION OF INTEGRATED CHEMICAL
FLUXES IN HOLE 504B, EASTERN EQUATORIAL PACIFIC!

Roger N. Anderson,? Jeffrey C. Alt,? and John Malpas*

ABSTRACT

Geochemical well logs were used to measure the dry weight percent oxide abundances of Si, Al, Ca, Mg, Fe, Ti, and
K and the elemental abundances of Gd, S, Th, and U at 0.15-m intervals throughout the basement section of Hole
504B. These geochemical data are used to estimate the integrated chemical exchange resulting from hydrothermal altera-
tion of the oceanic crust that has occurred over the last 5.9 Ma. A large increase in Si in the transition zone between
pillows and dikes (Layers 2B and 2C) indicates that mixing of hot, upwelling hydrothermal fluids with cold, downwell-
ing seawater occurred in the past at a permeability discontinuity at this level in the crust, even though the low-to-high
permeability boundary in Hole 504B is now 500 m shallower (at the Layer 2A /2B boundary). The observations of exten-
sive Ca loss and Mg gain agree with chemical exchanges recorded in the laboratory in experiments on the reactions that
occur between basalt and seawater at high temperatures. The K budget requires significant addition to Layer 2A from
both high-temperature depletion in Layers 2B and 2C and low-temperature alteration by seawater. Integrated water/
rock ratios are derived for the mass of seawater required to add enriched elements and for the mass of hydrothermal
fluid required to remove depleted elements in the crust at Hole 504B.

INTRODUCTION

Chemical reactions within submarine hydrothermal systems
result in significant fluxes of elements into, and out of, the oce-
anic crust (e.g., Edmond et al., 1979). A volume of seawater
equivalent to that of the entire oceans is thought to circulate
through the ridge axes in approximately 7 Ma (Sleep and Wo-
lery, 1976). Concomitant chemical exchange with basalts not
only alters the crust, but affects the composition of the oceans
as well. For the mass budgets of many elements in seawater, hy-
drothermal exchange is as important as river input to the main-
tenance of a stable composition for the ocean over geologic time
(e.g., Thompson, 1983).

Hot (~350°C), superheated, hydrothermal fluids exit the
ridge axis at “black smokers,” providing us with a view of ac-
tive metallogenesis as metal sulfides, derived from reactions be-
tween seawater and basalts, are deposited directly onto the sea-
floor (e.g., Ballard and Francheteau, 1983). Helium and meth-
ane gases that escape with the hydrothermal fluids provide
chemical tracers with which to map the deep circulation pat-
terns of the oceans (Lupton and Craig, 1983). On the flanks of
mid-ocean ridges, cold-water circulation continues the chemical
exchange between the oceans and the crust for several tens of
million years (c.f., Anderson and Hobart, 1976; Anderson et
al., 1977). Moreover, the interaction of seawater with the oce-
anic crust produces secondary minerals that, when subducted,
release fluids into the overlying mantle, affecting volcanism
above downgoing plates (e.g., Anderson et al., 1980).

Chemical fluxes between seawater and the oceanic crust have
been calculated for many elements based upon the compositions
of fluid samples taken directly from effluents. Hydrothermal
vent fluids, sampled at several locations along the axial rifts,
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provide the most accurate estimates to date (e.g., Edmond et
al., 1979; Von Damm et al., 1983; Hekenian et al., 1983; Bowers
and Edmond, in press). Despite continued exploration of mid-
ocean ridges and discoveries of additional high-temperature ax-
ial hydrothermal vents, problems remain with quantification of
chemical fluxes in seafloor hydrothermal systems. For example,
Morton and Sleep (1983) estimate that only about one-sixth of
the convective heat loss from young oceanic crust occurs in
high-temperature, axial circulation systems, whereas the remain-
der occurs during lower temperature convection that occurs off
axis. Low-temperature, off-axis hydrothermal fluids have been
sampled from pore waters of “hydrothermal mounds™ at the
Galapagos Spreading Center (Bender, 1983) and the Mariana
Back-Arc Basin (e.g., Leinen et al., 1988), but only a primitive
understanding of the chemical fluxes from these ridge flank sys-
tems presently exists. Analyses of another source of direct sam-
pling, sediment pore fluids, often indicate that basalt-seawater
exchange has continued far off axis, but again insufficient in-
formation is available from these data to place constraints upon
the overall chemical mass balance (McDuff and Edmond, 1982;
Mottl et al., 1983, 1985).

An alternative approach to determination of the chemical ex-
change between seawater and the oceanic crust is to measure
changes in altered rocks from the seafloor and to estimate the
distribution of the various alteration types (Thompson, 1983;
Alt et al., 1986). This method has an advantage over direct fluid
sampling in that the rocks integrate the mineralogical and chem-
ical effects of alteration processes that have affected the rocks
throughout their residence time on the seafloor. However, the
problem remains of extrapolation of the processes observed in
dredged rocks to those occurring in the subsurface.

Exposures of ophiolites on land allow complete sections of
the oceanic crust to be collected. However, conclusions from
analyses of ophiolites are complicated by the often-occurring
overprint of metamorphism that accompanied emplacement and
by variations in tectonic setting between different exposures
(e.g., Honnorez et al., 1985).

Additional information about the variability and evolution
of the chemical fluxes between oceanic crust and seawater can
be gained from samples and measurements from drill holes
within the oceanic crust (e.g., Anderson et al., 1985a; Alt et al.,
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1986). Hole 504B was drilled on 5.9-Ma crust on the south
flank of the Costa Rica Rift in the eastern equatorial Pacific
Ocean during Deep Sea Drilling Project (DSDP) Legs 69, 70,
83, and 92 and Ocean Drilling Program Leg 111 (Becker, Sakai,
et al., 1988). At > 1500 m below seafloor (mbsf), it is the deep-
est penetration yet into the oceanic crust (Fig. 1). As such, Hole
504B provides the first reference section of oceanic lithosphere
for comparison to geochemical mass-balance models based upon
surface sampling of fluids, rock, and ophiolites. However, inter-
pretations based upon analyses of core suffer from the poor re-
covery in Hole 504B (less than 20% of the section, and less than
15% of the deepest rock section). Consequently, great emphasis
has been placed during DSDP and ODP upon the recording of
in-situ geophysical logs to locate the recovered basalts within
their proper geological framework and to interpret structure, li-
thology, and alteration history (e.g., Anderson et al., 1985a). In
this chapter, we report the measurements from a new downhole
measurement technology, geochemical logging, that allows us o
estimate the integrated chemical exchange between the oceanic
crust and seawater over the complete rock column in Hole
504B.

STRUCTURAL SETTING

The geophysical logging suite run in Hole 504B measured
three distinct stratigraphic layers within the upper kilometer of
basement (Newmark et al., 1985): (1) an upper 150-m-thick sec-
tion of pillow and flow basalts with very low seismic velocity
and resistivity (Layer 2A), (2) a middle layer of pillow basalts
and flows with increasing velocity and slightly higher resistivity

(Layer 2B), and (3) a deep zone of basaltic dikes of high velocity
and resistivity (Layer 2C) (Fig. 1). In parallel, three stratigraphic
zones of alteration were defined based upon the occurrences of
secondary minerals in cores from Hole 504B (Alt et al., 1986):
(1) the upper 300 m of the pillow section was affected by low-
temperature (approximately 0°C), oxidizing seafloor weather-
ing, (2) the lower half of the pillow section (Layer 2B) was al-
tered by low-temperature (< 100°C), reducing alteration, and
(3) the dike section (Layer 2C) was affected by greenschist hy-
drothermal metamorphism (> 250°C). Hot hydrothermal fluids
upwelled through the dikes, mixed with cooler seawater circulat-
ing in the overlying pillow section, and deposited quartz and
metal-rich sulfides into a stockwork mineralization zone near
the lithologic transition from pillows to dikes (Honnorez et al.,
1985). This stockwork was probably deposited at the ridge axis
as part of a high-temperature, axial hydrothermal system that
was active long before sealing of the crust by sediment deposi-
tion (which occurred approximately 1 m.y.B.P.; Hobart et al.,
1985).

In spite of this complex alteration history, it is not difficult
to find examples in the recovered core samples of horizons
where a considerable amount of primary material still exists, in-
cluding well-preserved chill margins of dikes. These rocks can
be identified by thin-section observation, and their chemistry
has been taken as most representative of the primary composi-
tion of the basalts at Hole 504B. The chemistry of the freshest
basalts from Hole 504B is remarkably uniform throughout the
well, making the determination of chemical fluxes much simpler
than at other sites, where the basaltic chemistry might have var-

Figure 1. Schematic representation of the structure of the oceanic crust at Hole 504B in the eastern equatorial Pacific Ocean south of the Costa Rica

Rift on the Nazca plate (from Anderson et al., 1988b).
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ied considerably with depth (such as at Hole 395A on the Mid-
Atlantic Ridge).

The proper deciphering of chemical exchange between the
ocean and the crust requires a complete view of the present
composition of the section. That determined from only the 20%
recovered by core is clearly not sufficient. In the following we
describe the variation in chemistry of the basement section pen-
etrated at Hole 504B by utilizing a sophisticated, high-technol-
ogy, nuclear logging tool to activate the formation and measure
the in-situ chemical composition of the rock at 0.15-m intervals
throughout the basement section.

GEOCHEMICAL LOG ANALYSIS TECHNIQUES

Geochemical well logging, developed by Schlumberger Well
Services for use in sedimentary basins by the oil industry, is be-
ginning to be used for science in drill holes through igneous
and metamorphic rocks (Anderson et al., 1988a, 1988b, 1989).
The geochemical logging tool measures the relative concentra-
tions of 11 major and minor elements in situ. In turn, elemental
and mineralogical abundances are derived, continuously, through-
out the well. As shown by Anderson et al. (1988a, 1988b,
1989) the precision of geochemical log measurements within a
well is excellent, although the accuracy is considerably poorer
than that of analyses made on core samples in the laboratory, as
might be expected.

The geochemical logging tool carries four measurement de-
vices into the borehole (Fig. 2):

1. A Nal crystal, natural gamma-ray spectral analyzer de-
tects the energy levels of naturally emitted gamma rays from the
formation. The weight percent of potassium (K) and abun-
dances of thorium (Th) and uranium (U), in parts per million,
are determined.

2. A californium neutron source, Nal scintillation detector
activates aluminum atoms in the formation and records the
emitted gamma rays. The weight percent of aluminum (Al) in
the rock is subsequently calculated.

3. A pulsed neutron, capture gamma-ray spectrometer mea-
sures the abundances of silicon (Si), calcium (Ca), iron (Fe), sul-
fur (S), and titanium (Ti), as well as the trace abundance of the
heavy rare earth element (HREE) gadolinium (Gd). Hydrogen
(H) and chlorine (Cl) contents of the wellbore fluid and forma-
tion are also measured.

4. The photoelectric capture cross-section of the formation
using a cesium source of gamma rays is combined with the pre-
ceding analyses to estimate the total concentration of magne-
sium (Mg) plus sodium (Na) in the rock by difference.

The gamma-ray spectroscopy measurements made by the geo-
chemical logging tool detect a fraction of the total spectrum that
is linearly proportional to the concentration of each element
within the volume of the measurement (approximately 1 m?).
Thus, the relative yields from the measured elements are renor-
malized to elemental oxides that are summed to 100% at each
sampling depth interval (Hertzog et al., 1987). Because the ele-
ments measured by either capture activation or natural spectros-
copy make up almost all of the significant oxides comprising
rock, the calculations should be reliable in almost any geologi-
cal formation (Hertzog et al., 1987; Anderson et al., 1988a).

In sediments, Schlumberger has demonstrated that geochem-
ical logs yield measurements that can be converted to dry weight
percent elemental oxides with accuracies of 5% to 20% (Hert-
zog et al., 1987). The precision of the elemental yields has been
tested by up to 10 separate recordings within a well, with indi-
vidual elemental abundances reproducible to better than 5%.
Anderson et al. (1988a, 1988b, 1989) showed the geochemical log
measurements in basalts, granites, and metamorphic rocks are
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Figure 2. Configuration of the Schlumberger geochemical logging tool
used in this study. At the top are the AMS (auxiliary measurement
sonde), which determines temperature and cable tension), and the TCC
or CCC (both of which telemeter digital information to the surface
much like a complex telephone modem). K, U, and Th are measured by
the NGT (natural gamma-ray spectrometer). The CNT-G (compensated
neutron tool) measures porosity and activates Al with a *3>Ca source.
The ACT (aluminum clay tool) follows to measure Al concentration.
The GST (gamma-ray spectrometer tool) uses a nuclear accelerator as a
source for controlled bursts of neutrons, and then collects emitted
gamma rays with a scintillation detector for the determination of the
concentrations of Si, Fe, Ca, Ti, Gd, S, H, and Cl. An LDT (lithoden-
sity tool) follows in the Ocean Drilling Program configuration. The
LDT can be lowered separately to measure density and photoelectric
capture cross-section using a cesium source. Mg (Mg + Na) is calcu-
lated as a residual abundance from the combination of the total abun-
dances of all other elements measured by the preceding.
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somewhat less accurate (10% to 30%), although the precision
remains excellent.

In spite of the poorer accuracy relative to laboratory analy-
ses, geochemical well logs should add greatly to the geological
reconnaissance capabilities within a drill hole because the logs
provide analyses that are fast and relatively complete. As op-
posed to the many months required for laboratory analyses of
the partial sections of a borehole that are recovered during most
coring operations, continuous records of relative elemental yields
are derived in real time while logging, and weight percentages of
the major elemental oxide and trace element abundances are
available within days. It is likely that geochemical well logging
will become one of the most important scientific tools for the
determination not only of lithology, but of stratigraphy, struc-
ture, source character, and degree of alteration in igneous and
metamorphic, as well as sedimentary, rocks. In order to develop
the methodology for interpretation of such geochemical well
logs, we determine in the following the integrated chemical
fluxes that resulted from metamorphism of basalts in Hole
504B.

ELEMENTAL ABUNDANCES

The geochemical logs allow us to quantitatively determine
the chemical variability in Hole 504B, including the 80% of the
section not recovered by coring operations. The activation vol-
ume, a sphere of about 1 m? surrounding the tool, allows the re-
cording of the accumulated bulk-rock chemical changes caused
by hydrothermal exchange between the oceanic crust and circu-
lating seawater. That is, the geochemical logs record the chemis-
try of the altered basalts plus secondary minerals filling the void
spaces (fractures and pores) and provide an integrated measure-
ment of the composition of the bulk crust.

Major elemental oxide weight percent abundances were cal-
culated from geochemical logging measurements in Hole 504B
(Fig. 3), as were concentrations of the elements S and Gd. U
and Th concentrations in the basalts are so low that they are not
displayed. Some discrepancies exist between the log-derived chemi-
cal analyses and those obtained from the core samples by X-ray
fluorescence (XRF) (Fig. 3). For example, there is a general in-
crease in the log-derived curve of Mg (+ Na) upward in the
hole, which is possibly the result of large amounts of Mg addi-
tion to the crust during interaction with seawater. The corre-
sponding Ca decrease in the log-derived analyses is consistent
with Ca-Mg exchange observed during experimental seawater-
basalt reactions at elevated temperatures (Mottl et al., 1983).
The observation is somewhat complicated, however, by the fact
that Mg is always measured together with Na in the log-derived
data because of the calculated scheme. Core analyses, in fact,
show a slightly decreasing Mg content upward in the hole (Alt et
al., 1986), which correlates with Ti and Na decreases and a
Ca increase. Alt et al. (1986) interpreted this change to reflect
slight changes in the compositions of the freshest basalts from
the dikes compared to the pillows, even though the overall com-
position of basalts in the hole is remarkably uniform. There is
also a problem with the Ti analyses (core values range from
0.7% to 1.1% TiO,, whereas the log-derived analyses range
from 0.7% at the top of the hole to 1.5% near the bottom,
Fig. 3).

Some of these differences between the core and log analyses
are attributed to the different nature of the analysis techniques
(spot core samples of relatively fresh basalt vs. continuous, log-
derived measurements of bulk-rock chemistry). Also, either cor-
ing operations selectively sample only the least altered of the ba-
salts in the section or, more likely, the recovered rocks reflect the
appropriate composition of the basalts but do not properly rep-
resent the relative abundances of secondary minerals filling
fracture and breccia zones.
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MINERALOGY MODEL OF HOLE 504B

The elemental abundances from the geochemical logs can be
inverted using a correlation matrix to determine the proportions
of ideal minerals that might be present in the well (Hertzog et
al., 1987). The average elemental compositions of selected min-
erals are input into the model. In the Hole 504B case, plagio-
clase (An,), clinopyroxene, smectite, chlorite, calcite, and py-
rite were used as the representative mineral suite. The mineral
compositions were input as end members into an inversion ma-
trix with the dry weight percent oxide compositions of Si, Al,
Fe, Ca, K, Ti, Na + Mg, and S from the geochemical logs.
Even though the elemental compositions may vary in their ac-
curacies, the chemical differences between the different minerals
observed in Hole 504B are so extreme that the derived mineral-
ogy model should be useful.

The mineralogy model indicates two major mineralogical
suites within the hole (Fig. 4). Plagioclase and clinopyroxene
(i.e., fresh basalt) form the bulk of the formation. A second
component appears as large “spikes” of (1) K-rich celadonites
and zeolites in Layer 2A (modeled as K-rich smectites), (2) Mg-
rich clays such as smectite in the pillows of Layer 2B, and (3) Fe-
rich chlorites in the dikes of Layer 2C. K-rich celadonite and ze-
olites in Layer 2A have been artificially grouped into the smec-
tites in the mineralogy model. That is, the “ideal” composition
of smectite used in the model has considerable K (the celadonite
component), even though smectites ordinarily have no K present
within their structure. The mineralogy model indicates that the
Mg increase and Ca decrease observed in the geochemical logs
to occur from the dikes at the bottom of the hole to the pillows
at the top of basement can be attributed to the transition from
high-temperature chlorites that are abundant in the dikes to an
abundance of Mg-rich, Ca-poor smectites filling fracture zones
and cementing breccias in the pillow sections of Layers 2A and
2B in Hole 504B. Indeed, just such a Mg sink and Ca source in
the oceanic crust was predicted, based upon estimates of the few
clay-filling fracture zones and breccias that were recovered within
the 20% of section sampled by the coring procedure (Alt et al.,
1986).

This change in mineral compositions and abundances may
explain the permeability and porosity variations that indicate
that the dikes are much tighter, lower permeability rocks than
the pillows (Anderson et al., 1985b; Becker, this volume) (Fig.
4). Electrical resistivity measurements indicate that the apparent
porosity of the formation drops from 15% to 0.3% from Layer
2A to Layer 2C (Becker, 1985). However, flow- and pulse-test
measurements using hydraulic packers demonstrate that the per-
meability, though high in the upper pillows of Layer 2A, is con-
stant and low within the pillows of Layer 2B, even though the
apparent porosity is high (Anderson et al., 1985a; Becker, this
volume).

A pattern is evident in the abundances, as well as the previ-
ously described compositions, of minerals within Layer 2B that
may explain why the apparent porosity is high yet the permea-
bility remains low in these pillows (Fig. 4). Whereas extensive
smectite and zeolite alteration products are present throughout
Layer 2A, smectites are confined largely to fracture or breccia
zones between individual eruption-event boundaries in Layer 2B
(spikes in Fig. 4), and chlorites are found only along contacts
between the largely unaltered basaltic dikes of Layer 2C (Alt et
al., 1986).

This variation in the abundances of alteration products cor-
relates with changes in the apparent porosity curve determined
from the electrical resistivity log (Becker, Sakai, et al., 1988; Pe-
zard and Anderson, this volume). Much void space exists in the
Layer 2A pillow sequence, in spite of the extensive, low-temper-
ature precipitation of celadonite and zeolite minerals (Anderson
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Figure 3. Dry weight percent oxide concentrations from geochemical logs in Hole 504B. Symbols are from core analyses by
XRF. Depth given in meters below seafloor (subtract 3470 m to determine depth below seafloor).

and Zoback, 1983). Abundant fracture zones are present in the
pillows of Layer 2B, but they are filled with smectite-cemented
breccias and so are of relatively low permeability. The resistivity
of these smectites is low relative to basalt and close to that of
seawater (Pezard et al., 1988). Thus, the apparent porosity is
caused not by seawater present in open fractures (as is usually

assumed in porosity-permeability transforms), but by the high
electrical conductivity of hydroxyl-bearing alteration minerals
present within plugged fracture zones in Layer 2B (Becker, Sa-
kai, et al., 1988; Pezard and Anderson, this volume). As such,
the apparent porosity curve represents a fossil permeability pro-
file within Layer 2B, and the fracture zones must have been
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Figure 4. Geophysical and geochemical logs from Hole 504B. Total porosity and fracture porosity logs are derived from the dual laterolog (Pezard et
al., 1988). The apparent, or false, porosity discussed in text is the difference between these two porosities. The bulk permeability measurements were
made in Hole 504B by inflating packers against the wellbore and pumping pressure pulses (from Anderson et al., 1982, 1985b; Becker, this volume).
The magnetic inclination is from the three-axis borehole magnetometer (Kinoshita et al., this volume). To the right of the mineralogy model derived
from the geochemical logs is an enlargement of the stockwork mineralization zone. Finger-size crystals are evident in the accompanying core photo-
graph of the stockwork located within the mineralogy model by the abundance of pyrite from the log and core. From Anderson et al. (1988b).

filled by the precipitation of secondary minerals during the ag-
ing of the hydrothermal circulation system at Hole 504B.

INTEGRATED CHEMICAL FLUXES

The crustal section at Hole 504B contains evidence of at least
three different alteration events that dominate separate strati-
graphic intervals: (1) seafloor weathering in Layer 2A; (2) low-
temperature, reducing alteration in Layer 2B; and (3) high-tem-
perature, greenschist metamorphism in Layer 2C. Moreover, the
rocks throughout the section record the effects of time-varying
alteration processes, from seawater-dominated processes at the
ridge axis to rock-dominated, off-axis hydrothermal circulation
(Alt et al., 1986). In order to determine the total cation ex-
change between basalts and seawater that occurred during these
different alteration processes, we must characterize the changes
in elemental abundances between the freshest basalts found in
the deepest dikes of Hole 504B and the shallower, more heavily
altered rocks.
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The elemental variations caused by alteration cannot be esti-
mated simply by differencing the oxide weight percent in the al-
tered rock from that in the protolith (the fresh, unaltered ba-
salt). Either a constant-volume assumption must be made for
the rock during alteration (a common assumption), or a con-
stant mass must be assumed for an incompatible element such
as Gd or Ti in the hole. The changes in the elements of interest
can then be normalized to the concentrations in the rock at each
depth vs. that in the protolith. We chose the former, even
though on a small scale there clearly has been a volume change
associated with the reactions that form the breccias in Hole
504B. Use of the constant-volume assumption will allow us to
test our integrated flux calculations against the latter. That is,
we will calculate fluxes for the incompatible elements, and their
magnitudes will give us a good measure of how accurate our
constant-volume assumption really is.

The methodology used to calculate the integrated chemical
fluxes into and out of the oceanic crust in Hole 504B in the fol-
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lowing assumes that to the first order, no volume change occurs
during the alteration process.

We begin by smoothing the log-derived, elemental oxide
curves, each of which is then normalized to the average compo-
sition of the log values found at the base of the hole (Fig. 5). In
most cases, these values correspond to the freshest basalts re-
covered by the coring operation (identified as the visibly least al-
tered by Alt et al., 1985, and Sparks and Uhlig, this volume; see
Fig. 5 for the assumed composition of the freshest basalt). The
exception is Ti, where a shift of 0.5% was required to bring the
log vs. core analyses into agreement (see the preceding text). We
recognize that any systematic errors between the log-derived ele-
mental abundances and the true composition of the protolith
will produce continuously increasing- or decreasing-with-depth
(linear) integrated geochemical fluxes. The disadvantage of us-
ing the less accurate, log-derived elemental abundances is more
than offset by the advantage that these geochemical logging tool
measurements are continuous throughout the well.

It should be recognized that integrated flux calculations in
drill holes where the primary igneous composition changes with
depth must be properly zoned to account for the changes in the
protolith before integrated fluxes can be calculated. Hole 504B
is unusual because of the remarkable constancy of the composi-
tion of fresh basalts throughout the well.

CHEMICAL EXCHANGE IN HOLE 504B

To quantify the total chemical exchange that occurred in
Hole 504B between the basalts and seawater, a correction must
be made for the apparent volume changes that accompanied al-
teration (assuming a constant volume for Hole 504B). As noted
previously, a significant percentage of the porosity of the well
measured by electrical resistivity logs (Fig. 4) is, in fact, appar-
ent porosity caused by the similarity between the electrical con-
ductivity of alteration minerals that fill cracks and voids in the
crust and that of true, water-filled porosity (Pezard and Ander-
son, this volume). This effect can be seen by considering the
correlation of Si, Al, Mg, and Ca fluxes with the apparent po-
rosity (Fig. 6) in heavily altered Layer 2B. Si and Mg increase
and Al and Ca decrease with increased apparent porosity, indi-
cating that high porosity zones are actually filled with less
dense, Mg- and Si-rich, Al- and Ca-poor clays (relative to fresh
basalt).

This correlation between apparent porosity and composi-
tional variations can be quantified by calculating correlation co-
efficients between major elements and porosity at each depth
throughout the well (Fig. 7). The range of depths with signifi-
cant correlation between the various elements and porosity ex-
tends from 3750 to 4400 m below rig floor (mbrf = mbsf +
3470 m), the interval of the well where porosities are highest. In
the dikes, there is little correlation between major elements and
porosity. Pezard and Anderson (this volume) describe more
fully the causes and consequences of this “false” porosity (also
shown in Fig. 4).

From Lesher et al. (1986, after Gresens, 1967), the total inte-
grated mass flux (F;) of each element (/) over the depth interval
of the basement section of the well (z, to z,) is

Fi = py [ (X%=X")[(1 — )/ (1 — ¢,)]dz, (1)

where X? is the weight fraction of element / in the altered rock
b, and X% is that in the fresh basaltic protolith a. Dry-bulk den-
sity (p,) is measured by the geophysical logs and averages 2.4 g/cm’?
(Anderson et al., 1985). The constant-volume correction is esti-
mated as the difference between the total porosity (¢,) and the
fracture porosity (¢,) in the well (Fig. 4).

Alternatively, the assumed immobility of the incompatible
elements Gd or Ti could be used to calculate an integrated ele-
mental flux:

F; = py { (Xbl'_an)(Ib/Ia)dz' (2)

The results of the total flux calculation are similar using either
equation (1) or (2). The absolute difference between the two as-
sumptions (constant volume vs. immobile elements) can be seen
by the apparent mobility of Gd calculated using the constant-
volume assumption (Fig. 8). Use of Ti is complicated by the
poor accuracy of the log-derived measurement (Fig. 9). The
anomalous Gd flux can be taken as a measure of the degree of
error in the constant-volume assumption in the Hole 504B cal-
culation. This error, using log-derived analyses, is about 0.1%
(Table 1), an accuracy similar to that in the Lesher et al. (1986)
study using core-derived, laboratory analyses.

IMPLICATIONS OF THE INTEGRATED
CHEMICAL FLUX CALCULATIONS

Assuming that our choice for the average composition of the
protolith is indeed representative of the fresh basalt of Hole
504B, there have been significant total mass fluxes of Si, Ca,
Mg, and Fe and small changes in Al within Hole 504B (fluxes of
the oxides are shown in Fig. 9 and total fluxes of the oxides and
elements are given in Table 1).

The observed flux of Si into the crust, particularly from the
bottom of the hole to 4300 mbrf (Fig. ), is corroborated by ob-
servations of the core where abundant quartz was found filling
fractures (particularly from 4300 to 4500 mbrf). As discussed pre-
viously, the Mg increase and Ca decrease are probably caused by
exchange of cations during chemical reactions between hot sea-
water and basalt (Bischoff and Seyfried, 1978; Mottl et al.,
1978, 1979).

The Fe loss from the pillows of Layer 2B may be due to reac-
tions occurring during low-temperature, off-axis fluid circula-
tion, such as those causing the Fe-rich hydrothermal deposits of
the Galapagos (Bender, 1983) and Mariana mounds (Leinen et
al., 1988). Alternatively, a relative increase in the Fe content of
the dikes over fresh basaltic composition may have been caused
by the addition of chlorite to the bulk-rock chemistry. In that
case, the Fe flux in Figure 9 should be shifted to the right to in-
dicate more enrichment in the dikes, rather than depletion in the
pillows.

In contrast, the small changes in the Al flux may be due pri-
marily to analytical error within the log-derived abundance of
Al. While some Al can be leached from basalt by hydrothermal
fluids, most is thought to be reprecipitated locally as clays (or
epidote in the greenschist facies section of the hole).

To establish the validity of these mass flux calculations, a
comparison of the compositions of more altered basaltic breccia
and adjacent, fresh basalts from three core intervals in the Layer
2C dikes is shown in Table 2. The fluxes indicated from the dif-
ferences between the breccias and the fresh basalts generally
show the same differences in composition as those calculated
from the geochemical logs (Fig. 9). Specifically, increases in Si
and Mg and decreases in Ca and Al were observed. An Fe in-
crease in each breccia vs. that of the adjacent fresh basalt was
also observed, which might again indicate that a gain of Fe in
the dikes is more correct than a loss of Fe in the pillows (Fig. 9).

The clay minerals, chlorite, and other alteration products re-
covered in the cores provide evidence that abundant hydrother-
mal alteration occurred in Hole 504B. The geochemical logs lo-
cate the sites of elemental sources and sinks (e.g., the Mg sink
in smectites found filling fractures in the lower pillows of Layer
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Figure 6. Apparent bulk porosity from an Archie’s law interpretation of the dual laterolog measurements in Hole 504B (Pezard et al., 1988) and
bulk-permeability measurements using packers to isolate the indicated intervals (from Anderson et al., 1985b; Becker, this volume) (see Fig. 4).
The shaded zone is anomalously high in porosity but low in permeability (the false porosities discussed in the text) and is thought to contain
extensive clay mineralization that plugs the plumbing system of the crust. The total porosity (including apparent, or false, porosity) increases to
the right, and oxide abundances increase as shown by the arrows for the anomalous-porosity interval of Hole 504B. The horizontal scales are
arbitrary, and the overlay of the curves with different units is only meant to show correlation.
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Figure 9. Integrated mass fluxes of the oxides for Hole 504B, from equation (1) in the text (see Table 1).
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Table 1. Geochemical mass flux, Hole 504B.

Change in composition

(X?.— X%)dz F
(oxidfe per:‘:em F; (g avairlable (1200 0y cotuain)
weight fraction (g elemental total of Fi/'F, Enrichment from  Depletion from  Water/rock
Element change) flux change) element) (%) seawater black smoker ratio
Si +5650.0 +76.5 81,250.0 +0.1 1.2 +63.0 in
Al - 1650.0 -25.5 28,786.0 -0.1 0.04 —638.0 out
Ca —8450.0 - 178.6 32,976.0 -0.5 103.4 -3.4 out
Mg +9350.0 +164.3 17,919.0 +0.9 157.8 +1.04 in
Fe —9850.0 -211.6 25,785.0 -0.8 12.0 -17.6 out
K 2.4 500.0 2.4 62.4 4+19.8 47.2 +0.4 in
b_250.0 b6.2 b_gy9 117.4 ~0.1 out
Ti =2120.0 -27.0 1885.0 -1.9 —_ == —
Gd € 4000.0 —0.0001 0.9 -0.01 — — -
2 Layer 2B.
b Layer 2C.
¢ In ppm.
Table 2. XRF elemental analyses: Hole 504B basalt and breccia.
83-504B-100-1, 83-504B-100-1,  83-504B-101-1, 83-504B-101-1, 111-504B-142R-, 111-504B-142R-,
83-87 cm 109-114 cm 134-139 cm 110-114 em 110-114 em 6-8 cm
(breccia) (dike) (breccia) (dike) (breccia) (dike)
Si0, 50.2 1 48.25 50.0 1 49.2 45.5 1 50.2
AlOy 13.2 4 16.2 13.9 i 15.1 14.7 1 15.1
Fe;04 12.4 1 9.4 10.6 1 9.96 14.4 } 10.7
MgO 7.78 ¥ 7.3 8.01 1 8.72 9.62 1 7.73
CaO 7.61 ) 12.40 10.6 i 12.8 9.26 1 12.6

2B) and quantify the total chemical exchange caused by these re-
actions.

TOTAL CHEMICAL FLUXES

The integrals of the chemical fluxes for the basement section
of Hole 504B were calculated by summing all depth intervals in
Figure 9. For a column the height of the Hole 504B basement
section, but only 1 cm? in cross section, the total mass added to
the oceanic crust during the alteration of basalts in Hole 504B
was 76.5 g of Si and 164.3 g of Mg (Fig. 10 and Table 1). Corre-
spondingly, 25.5 g of Al, 178.6 g of Ca, and 211.6 g of Fe were
lost to the ocean (Fig. 10).

The ratio of geochemical fluxes to total available elemental
cations in fresh basalt (F;/F,) suggests that insubstantial per-
centages of Si (+0.1%) and Al (—0.1%) were moved (Fig. 11
and Table 1). Although the Si flux appears large in absolute
terms, it is not large in comparison to the amount of Si in fresh
basalt. The Si increase was probably derived from reactions that
occurred deeper in the crust because black smoker fluids con-
tain significantly more Si than does seawater (see the following).
Somewhat more Mg (+0.9%) gain than Ca (—0.5%) or Fe
(—0.8%) loss was observed. However, the large K flux becomes
evident only when viewed in percentage terms (compare Figs. 10
and 11). It appears that almost 10% of the K is missing from

GEOCHEMICAL MASS FLUX-504B
M
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Figure 10. Total flux from the integrated mass flux for each element (Fig. 9 and Table 1).
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Figure 11. Ratio of integrated mass flux to the total of each element available in a 1-cm?
column of fresh basalt extending the height of Hole 504B (F;/F,, Table 1).

Layer 2C, whereas almost 20% more K (than that in fresh ba-
salt) resides in Layers 2A and 2B. The transfer of K from both
Layer 2C (accounting for the loss of K there) and cold seawater
is required to balance the increase observed in Layers 2A and
2B.

INTEGRATED WATER/ROCK RATIOS

Water/rock ratios are frequently used by geochemists to
quantify the amount of material that has reacted in hydrother-
mal systems (e.g., Mottl et al., 1983). The geophysical meaning
of such water/rock ratios in the oceanic crust is problematic,
however. Geophysical fluid-flow models describe the convection
of water through a rock matrix in terms of velocity, permeabil-
ity, and buoyancy forces. The water/rock ratio actually repre-
sents the reactivity of the fluid-rock system and, hence, is a
function of flow rates vs. reaction rates.

To examine the possible implications of the log-derived, inte-
grated chemical fluxes in Hole 504B, we have calculated water/
rock ratios in two ways. For the calculation of water/rock ratios
of Si, K, and Mg into the crust, we have assumed all cations
come from seawater of the composition given in Rosenbaum
and Bischoff (1983) (Table 1). The calculated water/rock ratios
are then the volumes of seawater required to completely ex-
change Si, K, or Mg cations with basalt to account for the total
addition observed in the geochemical logging results of these el-
ements to the crust.

For fluxes of Al, Ca, and Fe leaving the crust, we have as-
sumed the extreme case that they exited as black smoker hydro-
thermal vent fluid. Again using compositions given in Rosen-
baum and Bischoff (1983), we can calculate the water/rock ratio
required to remove the missing cations in Hole 504B (Table 1).
Here, we assume a beginning composition for the hydrothermal
fluid of seawater, so that there are only two sources for the cat-
ions, seawater and the alteration of basalt. Water/rock ratios
calculated in these ways might be considered minimal values be-
cause the effects of reaction kinetics are not considered. That is,
all cations are assumed to be available for exchange with basalt.
Offsetting this effect, however, is the fact that alteration of ba-
salts is most likely the sum of several episodes of circulation and
not simply the result of a single pass of water through the crust.
In each such episode, the water/rock ratio is likely to be less
than that calculated for a single-pass assumption.

130

Low water/rock ratios are found for Ca, Mg, Fe, and K (Fig.
12). That is, reactions with only small volumes of hydrothermal
fluid are required to account for the integrated mass fluxes of
these elements observed in Hole 504B. These observations agree
with the results from the basalt-seawater experiments of Mottl
et al. (1983). A ridge axis, high-temperature origin for these
fluxes is therefore likely. Of interest are the large water/rock ra-
tios of Si and Al required to explain the log-derived fluxes in
Hole 504B. Not enough Al is present in black smoker hydro-
thermal fluid to account for even the small mass missing from
the Hole 504B basalts. Over 800 volumes of black smoker hy-
drothermal fluid must have exited the crust to remove the miss-
ing Al. In this case, convection at 20 cm/yr for the entire 5.9-
Ma evolution of Hole 504B crust would be required to account
for the missing Al. In any event, the common practice of the
normalization of basaltic compositions to Al content would not
be wise in Hole 504B.

Water/rock ratios of >80 are required to account for the
large increase in the Si flux thought to be caused by the precipi-
tation of quartz at the Layer 2B/2C boundary. Although reac-
tions with cold seawater circulating on the flanks of the ridge
could have accounted for this Si deposition, the proximity of
the quartz to the stockwork mineralization zone suggests that
deposition occurred from a hot, hydrothermal fluid at the ridge
axis. The cause of this anomalously high water/rock ratio for Si
might then be that our assumption of a seawater source for the
Si is incorrect. Instead, the Si could have come from a black
smoker hydrothermal fluid that was rich in Si, which was de-
rived either from deeper in the crust than the base of Hole 504B
or from laterally in the volcanic pile. A correspondingly lower
water/rock ratio would then result. The deepening of Hole
504B that is planned for the next round of eastern Pacific drill-
ing should shed further light on these uncertainties in the source
of the Si flux.

As stated earlier, the water/rock ratio for Fe may be in error
if precipitation of chlorites in Layer 2C has increased the Fe
content of the dikes. Alternatively, the high water/rock ratio for
Fe implies loss during cold, ridge flank deposition.

SUMMARY

Geochemical logs measure the bulk chemistry of Hole 504B
crust at its current age of 5.9 Ma, and as such, they integrate the
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Figure 12. Integrated water/rock ratio over the last 5.9 Ma in Hole 504B, calculated
from the assumption that the source for cations going into the crust is from bottom sea-
water and the fluid output from the crust has the composition of black smoker hydro-
thermal vent fluid. Very large numbers for Si and Al mean that large volumes of fluid
are required to enrich Si and deplete Al in the crust, because little is either leaving or en-

tering, according to the assumption.

chemical effects of multiple, superimposed alteration processes.
These new geochemical logging data, though significantly less
accurate than laboratory chemical analyses, are extremely useful
for two reasons: (1) the continuity of the data set allows for the
quantification of elemental variations in all rock in a well, not
just that recovered by core, and (2) the vertical extent of the data
set allows for variations to be examined as a function of depth
in the crust. The rapid accumulation of geochemical log-derived
data for a wide variety of oceanic crustal drill holes will allow
studies of the chemical mass fluxes between the oceanic crust
and the oceans to be carried deeper and further back in time
than possible from surface or core sampling alone.
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