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ABSTRACT

Geochemical well logs were obtained through sediment at Sites 838 and 840 and through sediment and basalt at Sites 834
and 839 of Leg 135. Corrections have been applied to the logs to account for variations in borehole size. drilling-fluid composition.
and drill-pipe attenuation. Concentrations of Th, U, and Gd, as well as oxide weight percentages, have been calculated from the
logs. The log-derived geochemistry correlates well with shipboard CaCO, measurements in each well. The X-ray fluorescence
(XRF) measurements compare well with the geochemical log values at each of the logged sites. except in zones of alteration.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 135 took place in the Lau
Basin and on the adjacent Tonga Ridge in the South Pacific Ocean.
Eightsites were drilled on Leg 135: six in the Lau Basin backarc (Sites
834-839) to produce an east-west transect of the basin, and two out-
side the basin (Sites 840-841) to investigate the Tonga Ridge and
Tonga forearc (Fig. 1; Parson, Hawkins, Allan, etal.. 1992, pp. 5-47).

Four of the drilled sites were logged with the geochemical tool
string (Sites 834, 838, 839, and 840). The geochemical tool string
measures the major elements of a formation at intervals of 0.1524 m.,
The geochemical measurements provide continuous, in-situ measure-
ments that are not affected by incomplete core recovery or core expan-
sion, problems that core-based studies often encounter.

This report describes the basic principles of the geochemical tool
string and outlines the post-cruise processing techniques. It then
briefly compares the geochemical logs with lithologic core descrip-
tions and available core measurements. It focuses on presenting the
data and explaining how the data were derived; lithologic interpreta-
tion from the logs is performed only where appropriate.

GEOCHEMICAL TOOL STRING

The geochemical logging tool string (GLT) consists of four sepa-
rate logging tools: the natural gamma-ray tool (NGT), the compen-
sated neutron tool (CNT), the aluminum activation clay tool (AACT),
and the gamma-ray spectrometry tool (GST: GLT, NGT, CNT. AACT,
and GST are trademarks of Schlumberger; Fig. 2). These four tools
use three separate modes of gamma-ray spectroscopy for a compre-
hensive elemental analysis of the formation. The natural gamma-ray
tool is located at the top of the tool string so that it can measure the
naturally occurring radionuclides, thorium (Th), uranium (U), and
potassium (K) before the formation is irradiated by the nuclear
sources contained in the lower tools. The CNT, located below the
NGT, carries a low-energy californium-252 (***Cf) neutron source to
activate the aluminum (Al) atoms in the formation. The AACT, amod-
ified NGT, is located below the *Cf source, measuring the activated
gamma-rays in the formation. By combining the AACT measurement
with the previous NGT measurement, the background radiation is
subtracied out and a reading of formation Al is obtained (Scott and
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Smith, 1973). The gamma-ray spectrometry tool, at the base of the
string, carries a pulsed neutron generator to induce prompt-capture
gamma-ray reactions in the borehole and formation and an Nal(TI)
scintillation detector to measure the energy spectrum of gamma rays
generated by the neutron capture reactions. Because each of the ele-
ments in the formation is characterized by a unique spectral signature,
it is possible to derive the contribution (or yield) of each of the major
elements silicon (Si). iron (Fe). calcium (Ca), titanium (Ti). sulfur (S),
gadolinium (Gd), and potassium (K) from the measured spectrum
and, in turn, to estimate the relative abundance of each in the forma-
tion when combined with the elemental concentrations from the NGT
and AACT. The GST also measures the hydrogen (H) and chlorine
(C1) in the borehole and formation, but these elements are not used
for determining rock geochemistry.

The only major rock-forming elements not measured by the geo-
chemical tool string are magnesium (Mg) and sodium (Na): the
neutron-capture cross sections of these elements are too small relative
to their typical abundance’s for the tool string to detect. A rough esti-
mate of Mg + Na can in some instances be made by using the photo-
electric factor (PEF). measured by the lithodensity tool. This measured
PEF is compared with a calculated PEF (a summation of the PEF from
all of the measured elements). The separation between the measured
and calculated PEF is, in theory, attributable to any element left over
in the formation (i.e.. Mg and Na). Further explanation of this technique
is found in Hertzog et al. (1989). This calculation was not attempted
in this leg; the results of the Mg calculation have been found to be er-
roneous in ODP holes (Pratson et al.. 1993). The inclusion of this
unreliable Mg + Na curve in the normalization with the other elements
would have induced noise into all the other elements. Where available
(Holes 834B and 839B), MgO + Na,O values from core were included
in the normalization step of the processing. This is explained further
in Step 5 of the data reduction section below.,

DATA REDUCTION

The well-log data from the Schlumberger tools are transmitted
digitally up a wireline and are recorded and processed on the JOIDES
Resolution in the Schlumberger Cyber Service Unit (CSU). The results
from the CSU are made available as “field logs™ for initial shipboard
interpretation. Subsequent reprocessing is necessary to correct the data
for the effects of fluids added to the well, logging speed, and drill-pipe
interference. Processing of the spectrometry data is required to trans-
form the relative elemental yields into oxide weight fractions.

The processing is performed with a set of log-interpretation pro-
grams written by Schlumberger that have been slightly modified to
account for the lithologies and hole conditions encountered in ODP
holes. The steps are summarized below:
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Figure 1. Location of ODP Sites 834-841 and the holes of DSDP Site 203, along with the major geologic features of the Tonga Trench and Lau
Basin system. Islands shown are Tongatapu (T), "Eua (E). "Ata (A), Vava'u (V). Nivafo'ou (NF). and Upolu (U). The locations of the Central
and Eastern Lau spreading centers (CLSC and ELSC, respectively), Valu Fa Ridge (VF). Mangatolu Triple Junction (MTJ). and Zephyr Shoal
(Z) are from von Stackelberg (1990), Parson et al. (1990), Hawkins et al. (1989). and Nilsson et al. (1989). The location of DSDP Site 203 is
shown as an open box. Contour intervals are in kilometers (after Parson, Hawkins, Allan, etal.. 1992, pp. 5-47).
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Natural gamma-ray tool: measures naturally radioactive
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neutron porosity in the thermal and epithermal energy ranges.
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Figure 2. Schematic drawing of the Schlumberger geochemical logging tool string used in the Ocean Drilling Program.

1. Reconstruction of Relative Elemental Yields
from Recorded Spectral Data

This first processing step compares the measured spectra from the
gamma-ray spectrometry tool with a series of “standard™ spectra to
determine the relative contribution (or yield) of each element. These
“standards” approximate the spectrum of each element. Using a weight-
ed, least-squares inversion method, the relative elemental yields are
calculated at each depth.

Six elemental standards (Si. Fe. Ca, S, Cl, and H) are used to
produce the shipboard yields, but three additional standards (Ti. Gd,
and K) can be included in the post-cruise processing to improve the
fit of the spectral standards to the measured spectra (Grau and Schweit-
zer, 1989). Although Ti, Gd, and K commonly appear in the formation

in very low concentrations, they can make a large contribution to the
measured spectra because they have large neutron-capture cross
sections. For example, the capture cross section of Gd is 49,000 barns,
whereas that of Si is 0.16 barns (Hertzog et al.. 1989). Therefore,
including Gd is necessary when calculating the best fit of the standard
spectra to the measured spectrum.

The spectral analysis was performed using the spectral standards
for Si., Ca, Fe, Ti, Gd, H. and Cl only in each of the processed holes.
The spectral standards for K and S were not used because these two
elements existed in concentrations below the resolution of the tool
and including them was found to increase significantly the noise level
of all the other yields. A straight, seven-point (3.5 ft, 1.066 m) smooth-
ing filter was applied to all the yields in each of the holes to reduce
the noise in the data during this reconstruction step. An additional
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10-point (5 ft, 1.524 m) smoothing filter was applied to Holes 834B.
838B, and 839B and a five-point (2.5 ft, (.762 m) smoothing filter
was applied to Hole 840B. This additional filter was needed to reduce
the noise level further in the normalization factor (explained in Step
5). which affects the output elemental yields.

2. Depth Shifting

Geochemical processing involves the integration of data from the
different tool strings: consequently. it is important that all the data are
depth-correlated to one reference logging run. The NGT, run on each
of the logging tool strings, provides a spectral gamma-ray curve with
which to correlate each of the logging runs. A reference run is chosen
on the basis of constant, low cable tension and high cable speed (tools
run at faster speeds are less likely to stick and are less susceptible to
data degradation caused by ship heave). The depth-shifting procedure
involves picking a number of reference points based on similar log
character and then invoking a program that stretches and squeezes the
matching logging run to fit the reference logging run.

The geochemical logging pass was chosen as the reference run in
Holes 834B and 839B. The first run of the seismic stratigraphic
logging pass was chosen as the reference run in Hole 838B. The quad
combo and geochemical logging passes were found to be on-depth in
Hole 840B: these two represent the references in this hole.

3. Calculation of Total Radioactivity
and Th, U, and K Concentrations

The third processing routine calculates the total natural gamma
radiation in the formation, as well as concentrations of Th, U, and K,
using the counts in five spectral windows from the natural gamma-ray
tool (Lock and Hoyer, 1971). This routine resembles shipboard proc-
essing: however. the results are improved during post-cruise process-
ing by including corrections for hole-size changes and temperature
variations. A Kalman filter (Ruckebusch, 1983) is used in the CSU
processing at sea 1o minimize the statistical uncertainties in the logs,
which can otherwise create erroneous negative values and anti-corre-
lations (especially between Th and U). An alpha filter has been
introduced more recently and is now recommended by Schlumberger
for shore-based processing. This filter strongly smoothes the raw
spectral counts but keeps the total gamma-ray curve unsmoothed
before calculating out the Th, U, and K (C. Flaum, pers. comm., | 988).
The outputs of this program are K (wet wt%), U (ppm), and Th (ppm).
as well as total gamma rays and computed gamma rays (total gamma
rays — U contribution).

4. Calculation of Al Concentration

The fourth processing routine calculates the concentration of Al
in the formation using four energy windows recorded on the AACT.
During this step. corrections are made for natural radioactivity, bore-
hole-fluid neutron-capture cross section. formation neutron-capture
cross section, formation slowing-down length, and borehole size.
Porosity and density logs are needed as inputs into this routine to
convert the wet-weight percentages of K and Al curves to dry-weight
percentages. A porosity log is recorded on the geochemical tool string;
however, it can only be used as a qualitative measurement as it carries
a >Cf source rather than the americium-beryllium source needed to
make a quantitative measurement. Because the density logs in each
of the three holes compared well with shipboard core measurements,
a porosity curve was derived from the density log using the equation:

¢!= (Pm = pi’)“pm = pr"]’ (h
where

¢, = percentage porosity,
p,,= matrix density (a constant value of 2,69 g/cm? was used),
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p;,= bulk density from the log in g/em”, and
p,= density of fluid = 1.05 g/em”.

These calculated porosities showed excellent agreement with core
measurements, except in Hole 834B. In this hole a combined porosity
curve was derived: density-derived porosity was used in the fresh
basalts and a calibrated neutron porosity was used in the altered
basalts, which agreed well with core porosity measurements.

A correction is also made for Si interference with Al; the »°Cf
source activates the Si, producing the aluminum isotope **Al (Hertzog
et al., 1989). The program uses the Si yield from the gamma-ray
spectrometry tool to determine the Si background correction. The
program outputs dry-weight percentages of Al and K. which are used
in the calculation and normalization of the remaining elements.

5. Normalization of Elemental Yields from the GST
to Calculate the Elemental Weight Fractions

Relative concentrations of the GST-derived elemental yields can
be determined by dividing each elemental yield by a relative spectral
sensitivity factor (S,). This factor is principally related to the thermal
neutron-capture cross sections and also to its gamma-ray production
and detection probability of each element (Hertzog et al., 1989). The
relative elemental concentrations are related to the desired absolute
concentrations by a depth-dependent normalization factor (F), as
defined by the relationship:

Wi, = FY,/S;, (2)

where
Wt; = absolute elemental concentration, and
Y, = relative elemental yield.

The normalization factor is calculated on the basis that the sum of
all the elemental weight fractions is unity (100%). The closure model
handles the absence of carbon and oxygen, which are not measured
by this tool string, with the approximation that each of the measurable
elements combines with a known oxide or carbonate. The dry weight
percent of Al and K are normalized with the reconstructed elemental
yields to the determine the normalization factor at each depth interval
from the following equation:

F(EXY/5) + X Wiy + X4 Wiy = 100, 3)

where
X, = oxide factor: atomic wt of the associated oxide or carbonate
of element i + atomic wt of element i,
Xy = oxide factor; atomic wt K,O + atomic wt of K,
Wiy = dry wi% of K as determined from the NGT,
X = oxide factor; atomic wt of Al,O, + atomic wt of Al, and
Wt,, =dry wt% of Al as determined from the AACT.

The value X, accounts for the C and O associated with each
element. Table 1 lists the oxide factors used in this calculation. All the
measured elements associate with C and O in a constant ratio in these
lithologies, except for Ca, which associates with C and O in one of
two ways: CaCO, or CaO (Table 1). To convert the measured yields
to elements, a dominant oxide factor must be assumed at each depth
level. Aroutine that combines both these oxide factors is implemented
here, as suggested by Jim Grau at the Schlumberger-Doll research
facility (pers. comm., 1992). When the elemental form of Ca is less
than 6%, Ca0 is assumed and an oxide factor of 1.39 is used. When
the elemental form of Ca is greater than 12%, CaCOj is assumed and
an oxide factor of 2.49 is used. When the elemental form of Ca is
between 6% and [2%. both forms are assumed Lo be present. and the
oxide factor is linearly interpolated between 1.39 and 2.49.

The parameters 6% and 12% were chosen according to observa-
tions of how Ca occurs in nature; CaO is not likely to occur in quan-
tities greater than 12%. When Ca is less than 6%, even in the form of
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Table 1. Oxide factors used in normalizing elements to 100%
and converting elements to oxides.

Element  Oxidefcarbonate Conversion factor
Si Sio, 2.139
Ca<6% Ca0 1.399
6%>Ca<12% CaO and CaCO, 1.399-2.490 (linearly interpolated)
Ca>12% CaCO, 2.490
Fe FeO® 1.358
K K0 1.205
Ti TiO, 1.668
Al ALO, 1.899

CaCOs;, the error will be small when 1.39 is used as the oxide factor
instead of 2.49. The linear interpolation is done to provide a smooth
transition and avoid invoking any erroneous chemical changes on the
final processed logs. This procedure for Ca gives the most correct
model in most cases and minimizes the error when the model is not
exactly correct.

Because we are not able to calculate elements Mg or Na from the
logs, which may represent up to 16% of the dry-weight percentage of
oxide in these holes (Parson, Hawkins, Allan, etal., 1992, pp. 85-180).
we include core information where available. In Hole 834B a constant
value of 10% MgO + Na,O was used in the normalization. In Hole
839YB, a MgO + Na,O curve was derived from interpolated core points
(with erratic spikes removed) and used in the normalization.

6. Calculation of Oxide Percentages

The final routine converts the elemental weight percentages into
oxide/carbonate percentages by multiplying each by its associated
oxide factor, as shown in Table |.

COMPARISON OF GEOCHEMICAL LOGS TO CORE
Site 834

The processed natural gamma-ray curves from Hole 834B, shown
in Figure 3, are displayed next to a lithostratigraphic column (Parson,
Hawkins, Allan, etal., 1992, pp. 85-180). The processed NGT curves
are derived from the geochemical logging tool string. These NGT
logs, which were irradiated below 376 mbsf during tool calibration,
have anomalously high gamma-ray values between 376 and 4035
mbsf. Figure 4 displays the oxide weight fractions estimated from the
logs at Hole 834B, along with calculated statistical uncertainties of
each element (Grau et al., 1990; Schweitzer et al., 1988). This error
is strongly related to the normalization factor, which is calculated at
each depth (Eq. 3). The normalization factor is displayed to the right
of the logs. A lower normalization factor represents better counting
statistics and higher quality data. A log of the Ca oxide factor is dis-
played to the right of the factor curve to visually display which Ca
oxide factor was used during calculation. Available core measure-
ments of XRF major elemental analyses are displayed as solid dia-
monds for comparison with the log data.

Drilling at Site 834 encountered sediments overlain by interca-
lated sediments and basalts, which were in turn overlain by basalt.
Four units, based primarily on clay and vitric ash content of the core,
are distinguished within the sedimentary sequence (Parson, Hawkins,
Allan, et al., 1992, pp. 85-180). Because the bottom of the pipe is
located at the boundary between Units 1 and II, changes in log
character at this interval are likely a result of the pipe. Unit III is
distinguished from Unit II in the core, based on an increase in vol-
canic silt and vitric ash content. This can be seen on the logs by an
increase in total gamma-ray and K values on the NGT logs. Unit IV
is a thin bed of claystone, vitric tuff, and calcarenite intercalated
between lava flows. This unit is readily distinguished on the geo-
chemical logs by a large increase in K,0, and a slight increase in FeQ"
from 136 to 139 mbsf.

The igneous rocks recovered from Hole 834B are basalts or low-K
tholeiite. Thirteen lithologic units are defined in the igneous sections
from Holes 834 A and 834B (Parson. Hawkins, Allan, et al.. 1992, pp.
85-180), some of which can be distinguished by a change in character
on the geochemical logs. The contact between sediment/basalt is
marked by a sharp increase in K. The same trend is seen at the contact
between lithologic Unit IV and igneous Unit 4. Unit 6 is marked by
an increase in K0, $i0,, FeO". TiO-, and Gd along with a high degree
of variability in the curves of FeO', Al,O,, K,0O, TiO,. and Gd. The
variability of the logs decreases in Unit 7 in the FeQ", K,0, TiO», and
Gd curves. An increase in K,O occurs within Unit 8 (2912 mbsf). It
increases again at the top of Unit 10 (312 mbsf). At the top of Unit
12, K5O decreases in magnitude whereas TiO, increases markedly
(365 mbsf). Log-core agreement is excellent in the upper part of the
igneous section (Units 1-5), but it deteriorates in the lower units
(Units 6-8). We attribute the discrepancy to a combination of poorer
quality hole conditions deeper in the section (creating an unstable
normalization factor) and to lower core recovery (which make exact
depth placements of core values questionable and inconsistent with
reference to log depths),

It was noted in the /nitial Reports volume that the raw geochemical
logs indicated that Unit 7 had a high silica content, contradicting the
XRF chemical analysis (Parson, Hawkins, Allan, et al.. 1992. pp.
85-180). The reason for the elevated Si yield was a decrease in hole
size in this unit. When hole size decreases, Cl and H decrease, and all
of the other rock-forming elemental yields (of which Si is one) in-
crease. Post-cruise processing removes the effects of borehole size;
the elevated Si is now corrected. It is not recommended that the raw
vields be used to infer direct chemical changes without taking into
account hole size or porosity variations that significantly affect the
character of the yields. The ratio of the yields is instead recommended.

Site 838

Figure 5 displays the processed NGT logs from the geochemical
logging pass in Hole 838B. Corrections have not been made in these
logs to account for pipe attenuation. which affects the logs from 0 to
43 mbsf. The processed NGT curves are derived from the geochemi-
cal logging tool string. Figure 6 displays the final oxides, the carbon-
ate core measurements (solid circles), and three XRF samples (solid
diamond). Corrections have been attempted to account for the effects
of the pipe in the upper 43 m of the hole; however, because of the low
signal-to-noise ratio of these data, caution should still be taken when
interpreting any character changes in this upper 43 m of data.

The sediment at Site 838 is divided into three lithologic units based
on changes in sedimentary texture, structure, and composition (Par-
son, Hawkins, Allan, etal., 1992, 337-395). Unit I has a higher overall
Ca0 and CaCO; content than Unit I1. Within Units II and 111, K,O
and Al,O; increase from 54 to 125 mbsf. indicating an increase in
clays or volcaniclastics. Log variability increases between 124 to 148
mbsf, at which point the hole was washed out. Carbonate core measure-
ments agree with open-hole log measurements; however, correlation
deteriorates in the through-pipe data. The XRF samples agree well
with geochemical logs.

Site 839

Figure 7 displays the reprocessed NGT curves recorded with the
geochemical tool string at Hole 839B. No corrections were performed
for pipe attenuation in this hole. Figure 8 displays the final oxides
with the carbonate core measurements (solid circles) and three XRF
samples (solid diamonds). Through-pipe data are not shown because
the pipe masked out any signature from the formation.

Both sediments and basalts were encountered at this site. The sedi-
ments were divided into three lithologic units, based primarily on the
occurrence of volcaniclastics (Parson, Hawkins, Allan, et al., 1992.
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LEG 135: LEGEND OF LITHOLOGIC SYMBOLS
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Figure 3 (continued).

pp. 397-487). Unit I is subdivided into six subunits, based primarily
on upward-fining cycles. This cyclicity is tracked on the K0 log in
the open-hole sections within Subunits [ID-IIF. Recovery was very
poor through Unit [11; therefore, the lithologic boundaries are not very
well constrained. As mentioned in the logging section of the Initial
Reports volume (Parson, Hawkins, Allan, et al., 1992, pp. 397-487),
the logs supportdividing Unit 111 into two subunits at 162 mbsf, where
a change in log character occurs. Below 162 mbsf, FeO ™ increases.
and Al,O; and K,O decrease. An anomalously high FeO™ content
occurs at the base of Unit I11, just above the sediment/basalt contact.
A thin sedimentary unit occurs within the igneous beds between 257
and 266 mbsf. This is indicated on the logs by an increase in SiO-,
FeO , and TiO,, and by a decrease in Ca0 and CaCOs,.

Nine igneous lithologic units were defined at Site 839 on the basis
of hand specimen and thin section descriptions. Unit 2 resembles Unit
I in chemical composition. except K,0 increases within Unit 1. The
geochemical logs indicate that Units 3 and 4 also have similar chem-
ical compositions, yet the logs display slightly more variability, and
CaO and CaCO; are lower than in Units | and 2. Units 5 and 6 are
too thin to be discernible on the logs. The CaO and CaCO, log value
increases in Unit 7 and SiO, decreases. Unit 9 has a high K,O and
AlLO; content. Logs agree well with core measurements, with the
exception of Al,O; within igneous Unit 1. It is possible that this dis-

agreement is a result of alteration, which was restricted to basalts in
Unit | (Parson, Hawkins, Allan, et al., 1992, pp. 397-487). If sam-
pling was selective (i.e., if only fresh material was taken), then a dis-
crepancy such as the one seen here could happen.

Site 840

The reprocessed NGT logs from Hole 840B are displayed in Fig-
ure 9. The data come from the geochemical tool string; corrections
have not been made for pipe attenuation. Figure 10 displays the final
oxides along with the carbonate core analyses (solid circles) and three
XRF samples (solid diamonds). Through-pipe data are not displayed
here because of their poor quality and, therefore, unreliability.

The sediments at Site 840 were divided into three lithologic units
based on texture, composition, sedimentary structures, and degree of
lithification (Parson. Hawkins. Allan, et al., 1992, pp. 489-570). The
geochemical logs indicate changes in chemical composition. The CaO
and CaCO; value is high in the lower part of Unit 1, a nannofossil
ooze interbedded with vitric silt, vitric sand, and pumiceous gravel.
The overall SiO; content increases in Unit 11, indicating an increase
in sands and clays within this unit. Unit I1I is composed of volcani-
clastic turbidites, reflected by the cyclicity in the total gamma-ray log.
The three core points agree well with the FeO . TiO,, CaO, and CaCO,
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logs, yet the Al,O, log values are higher and the SiO, logs are lower
than core values. The cores are not representative, however, of overall
core measurements, as they were made on selective pumice clasts.
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Figure 10. Calcium carbonate and major oxide-weight fractions from geochemical logs run in Hole 840B compared with core measurements. Legend as in
Figure 3.
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