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6. DEVELOPMENT OF A HIGH-QUALITY NATURAL GAMMA DATA SET FROM THE CEARA RISE:

CRITICAL GROUNDWORK FOR CORE AND LOG DATA INTEGRATION!

Teresa A. King? and William G. Ellis, Jr.23

ABSTRACT

Natural gamma-ray emissions are potentially powerful indicators of terrigenous sediment composition. At the Ceara Rise,
such data can provide insight to the evolution of terrigenous fluxes from the South American continent during the late Neogene.
Although log-derived natural gamma emissions data have relatively lower noise levels than core-derived data, they are limited
by a vertical resolution on the order of 0.5—-1 m. Conversely, natural gamma-ray emissions data collected from cored sediments
during Leg 154, although noisier, have a depth resolution on the order of 10 cm. Thus, the core data provide both a strong com-
plement to downhole measurements of natural gamma as well as higher vertical (depth) resolution. Combining the two mea-
surements provides for reconstruction of variations in terrigenous sedimentation over the past 35 m.y. encompassing both
orbital (~0.01-~0.1 m.y.) and tectonic (>0.1 m.y.) time scales. In this paper we present a method to obtain robust discretely
sampled, core-derived natural gamma-ray data from multiple holes. A “stacked” data set derived from multiple holes has less
noise (lower mean square error) at all natural gamma-ray emissions channels, and thus is superior to core-derived natural
gamma data taken from a single APC/XCB hole. A comparison of the stacked core-derived natural gamma data to the log-
derived natural gamma data for a 12-m.y.-long Neogene sequence from Site 926 documents the general attenuation of log-
derived measurements relative to stacked core-derived measurements for most orbital-scale and tectonic-scale oscillations. This
result suggests that high-quality core-derived measurements of natural gamma-ray emissions can, under the correct circum-

stances, provide superior resolution and reliability to log-derived measurements over a large range of time scales.

INTRODUCTION

Plate tectonic movements during the late Neogene resulted in sig-
nificant uplift of the northeastern Andes and development of the Am-
azon drainage system; these tectonic events resulted in the Miocene
development of the Amazon River as a transcontinental drainage sys-
tem into the Atlantic Ocean (Hoorn et al., 1995). The history of this
major reorganization of drainage systems is recorded in sediments
distal to the Amazon Fan, on the Ceara Rise. Sediments from the
Ceara Rise provide an opportunity to reconstruct this history of ter-
rigenous flux and composition (Curry, Shackleton, Richter, et al.,
1995; Dobson, et al., this volume; King et al., this volume).

Natural gamma-ray activity in sediments arises from the potassi-
um, uranium, and thorium content of what is typically the terrigenous
fraction. Naturally occurring isotopes of these elements (K, 2*%U,
235U, and #*2Th) produce gamma rays as they decay to stable isotopes
of Ar and Pb. The measurable gamma-ray emissions provide an esti-
mate of potassium, uranium, and thorium in the sediment. Results
from previous studies using downhole logs (e.g., Fertl, 1979) have
demonstrated that the relative concentrations of K and Th obtained
from gamma-ray measurements can be used to distinguish clay min-
eral compositions. At the Ceara Rise, shipboard results demonstrated
convincingly that the proportion of K-bearing sediments and Th-
bearing sediments, as seen in the log gamma-ray derived Th/K ratio,
corresponded with the relative abundance of illite (5%-6% K con-
tent) and kaolinite (<1% K content) (Fig. 1; Curry, Shackleton, Rich-
ter, et al., 1995). As Figure 1 suggests, natural gamma activity pro-
vides a powerful means to estimate past variations in kaolinite and il-
lite concentrations on the Ceara Rise.
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Natural gamma emissions data collected on Ocean Drilling Pro-
gram (ODP) Leg 154 offer a unique opportunity to characterize the
compositional changes in terrigenous sediments over the late Neo-
gene at orbital-scale resolution. Core-derived natural gamma-ray
emissions measurements were collected at approximately 10-cm
spacing through most of the sediments recovered at Sites 926-929.
Measurements were typically collected using a 10-s counting time;
although greater counting times are in theory desirable, it was a pri-
ority of the Leg 154 scientific party to collect natural gamma-ray
measurements on as many cores as possible. Because Leg 154 had
record-breaking recovery, the counting time for natural gamma
placed a restriction on core flow through the shipboard laboratories.
Experiments conducted during Leg 154 indicated that 15- or 30-s
count times for the APC- and XCB-cored sediments did not apprecia-
bly reduce the variance of the natural gamma-ray counts compared to
10-s count times. As a result, the scientific party chose to make 10-s
counts so that as much core as possible could be measured. The meth-
ods presented here demonstrate how those 10-s measurements can be
combined from separate holes (multiple ensembles) to produce a
more reliable measurement at each depth.

Downbhole logs of natural gamma activity were also obtained at
each Leg 154 site. Log-derived natural gamma activity (measured in
API units) provide an opportunity to obtain a reliable view of terrig-
enous composition. However, whereas the intrinsic resolution of the
tool is 45 cm, emprical studies have suggested that the practical res-
olution of the natural gamma tool is greater than 50 cm (Harris et al.,
1995; Curry, Shackleton, Richter, et al., 1995). Core-derived natural
gamma activity (measured as counts/s), on the other hand provide an
opportunity to study changes in terrigenous composition at 10- to 20-
cm resolution. These differing resolutions are illustrated in Figure 2,
which compares a 50-m portion of the raw, uncorrected core natural
gamma activity data from Site 926 to the log natural gamma activity.
Note, however, that although the core-derived data has greater sam-
pling resolution, the core-derived data also has much greater scatter.

When converted to time-domain, rather than depth-domain, dif-
ferences, the implications of this differing resolution become more
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Figure 1. Log natural gamma data from Site 926 are total gamma-ray emissions; Th/K ratios are compared to observed kaolinite/illite ratios, terrigenous mass

fluxes, and XRD diffractograms (from Curry, Shackleton, Richter, et al., 1995).

significant. Table 1 gives the average sedimentation rates for the last
5 m.y. at Sites 925-929. Although the core-derived natural gamma-
ray datarecord terrigenous sediment variations on orbital time scales
through most of the sedimentary sequence at the Ceara Rise, the log-
derived data, having alower depth resolution, can only capture orbit-
d-scale variability in intervals having very high sedimentation rates.
For example, assuming a 45-cm vertical resolution for the natural
gammearray tool, sedimentation rates must be in excess of 5 cm/k.y.
to avoid diasing of orbital-scale oscillations into lower frequencies
(for afull discussion of aliasing, see Pisias and Mix, 1988). On the
other hand, core-derived data sampled at 10-cm spacing can theoret-
ically detect orbital scale oscillations without aliasing at average sed-
imentation rates above 1 cm/k.y. However, by integrating the core
and the log data, one has the opportunity to characterize terrigenous
sedimentation over multiple time scales, from orbital to tectonic.
Thus, despite the addition of some noise to the core-derived natural
gamma measurements, the benefit gained from having orbital -resolu-
tion measurements is significant.

In this paper, we combine core-derived natural gamma data from
multiple APC and XCB holes that have been background-corrected

mates are then combined with estimates of log resolution and vari-
ability to further assess core and log resolution from ODP holes (de-
Menocal and King, 1995). We present a method to combine multiple
hole data into a single record. We provide decimeter-scale hole-to-
hole correlations for Leg 154 sites and the depth transformation from
meters composite depth (mcd) to revised meters composite depth
(rmcd). Finally, we compare the stacked core-derived natural gamma
data with the log-derived natural gamma data for the late Neogene
portion of Site 926.

METHODS
Data Reduction

Natural gamma and magnetic susceptibility data were cleaned be-
fore the data were correlated at high resolution. By cleaning, we
mean that for each core in each hole at each site, outliers were re-
moved, measurements made in disturbed intervals were removed,
and measurements made in voids were removed. Core-derived natu-
ral gamma-ray data, which are recorded in total counts (Typically,

and “cleaned” to produce a single profile of natural gamma activiticounting times were 10 s during Leg 154), were converted to counts
for those sites having multiple hole natural gamma data (Sites 92fer second; background levels of natural gamma activity (calculated
928, 929; unfortunately because of time constraints, Sites 925 amtliring Leg 154; Curry, Shackleton, Richter, et al., 1995) were re-
927 did not have natural gamma activity collected in each hole). Theoved from each channel. Natural gamma activity data were not con-
primary purpose is to gain a single, high-resolution, lower meanverted to American Petroleum Institute (API) units, as described by
square error core-derived natural gamma-ray depth series for eakloppie et al. (1994) and Lyle et al. (in press), primarily because the
site. By considering each natural gamma measurement at the saamma-Ray Attenuation Porosity Evaluator (GRAPE) densities at
depth in each hole a separate statistical realization of the “true” natgeveral sites were unreliable, owing to multiple problems including
ral gamma activity at that depth, and by averaging those multiple rakift and calibration (see “Explanatory Notes Addendum” of Curry,
alizations, one obtains an estimate having, on average, less rand@&hackleton, Richter, et al., 1995). Because the large errors in the
error. One also gains, in averaging the multiple hole data, a quantit&RAPE data would only add to the noise already present in the core-
tive estimate of hole-to-hole variability in sedimentation. These estiderived natural gamma, thus degrading the quality of the resulting
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Figure 2. Comparison of uncorrected core-derived natural gamma (NG) data (in mbsf, dotted line) to log-derived natural gamma activity (solid line) from a por-
tion of Site 926. These dataillustrate the different resolutions of the two natural gamma instruments.

Table 1. Average sedimentation rates for the Pliocene—Pleistocene-§0
Ma) portions of Sites 925929.

Average rate
Site (cmik.y.)
925 313
926 3.07
927 3.47
928 2.99
929 281

measurement, we have chosen to present background-corrected,
core-derived natural gamma activity datain counts per second.

Decimeter-Scale Hole-to-Hole Correlations

At each site drilled during Leg 154, a composite depth scale was
assembled for approximately the upper 300 m of section that related
dl of the multiple hole core data to acommon depth scale. Although
the composite depth scales, expressed in med (meters composite
depth), significantly advanced shipboard science by providing asin-
gle, uninterrupted spliced record at each site, the shipboard compos-
ite depths only involved a simple depth-shifting of each corein each
hole relative to the other cores (Curry, Shackleton, Richter, et al.,
1995; Hagelberg et al., 1992). More accurate hole-to-hole correla-
tions are required to relate multiple hole data to one another at a 10-
cm (or better, as is the case for magnetic susceptibility) resolution
(Fig. 3).

To compare data taken from adjacent holes at high resolution, it
is necessary relate all data to a single depth scale that is accurate to
the resolution of decimeters or greater. We accomplished this using
the shipboard-generated splice as a reference for each site (Curry,
Shackleton, Richter, et al., 1995). Although the choice of the ship-
board splice is necessarily somewhat arbitrary, the sections of core
selected for the splice were based on aquantitative and qualitative as-
sessment of the amplitude and distortion of magnetic susceptibility
oscillations from each hole at each site (Curry, Shackleton, Richter,
et a., 1995). Using magnetic susceptibility as the primary hole-to-
hole correlation tool, each core in each hole at each site (including
Sites 925 and 927) was individually correlated to the corresponding

interval of shipboard spliced magnetic susceptibility. In a previous

study using a similar approach, inverse correlation methods (Martin-

son et al., 1982) were utilized to nonlinearly map GRAPE data from
successive cores into the GRAPE spliced record (Hagelberg et a.,
1995). However, because magnetic susceptibility data do not have

the high sampling resolution that GRA PE data have, and also because
magnetic susceptibility data is generally “spiky” in nature, inverse
correlation methods were not appropriate for centimeter- to decime-
ter-scale hole-to-hole correlations. Instead, individual magnetic sus-
ceptibility features were correlated using linear correlations between
measurements in cores from adjacent holes.

Correlation between the magnetic susceptibility data from each
core to the shipboard magnetic susceptibility splice proceeded by
first determining exactly what mcd depth in the shipboard splice cor-
responded to the top and bottom of each individual core. Because the
shipboard composite depth scale only required the shifting of each
core, the mcd scale could not always guide this determination. Indi-
vidual magnetic susceptibility peaks and troughs in the splice and in
each core were correlated until the correlation ceased to increase and
was otherwise judged optimal. Intervals in which part of the individ-
ual core was used as the shipboard splice were common-these inter-
vals were not changed in the correlation. This procedure was carried
out for each core in the following sites: Site 925380 mcd; Site
926, 0-300 mcd; Site 927,€260 mcd; Site 928,230 mcd; and Site
929, 0-150 mcd. Table 2 gives the correlation coefficient between
each of these cores and the corresponding portion of the shipboard
splice before and after this procedure. Figure 3 gives an example of
the improvement in between-hole correlation that results from this
procedure. The final correlation resulted in a transformation of mcd
depths for each core in hole to the mcd of the shipboard splice. These
transformed-to-splice mcd depths are referred to as revised meters
composite depth, or rmcd.

Sacked Records

After correlation was complete, the magnetic susceptibility data
on the rmcd scale were examined for any additional outliers or mis-
correlations. The results were further checked and verified, where
possible, using the natural gamma data. Correlations were repeated if
necessary. When complete, the magnetic susceptibility and natural
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Figure 3. A portion of the magnetic susceptibility and natural gamma activity from the three holes drilled at Site 926. Data are presented in meters below sea-
floor (mbsf), meters composite depth (mcd), and revised meters composite depth (rmcd) scales. Stacked records (stack) were obtained by combining the multi-

ple hole data (see text).

gamma activity data from the multiple holes at each site were com-
bined, sorting according to the rmcd for each sample, into a single
magnetic susceptibility and natural gamma record for each site. The
combined multiple hole magnetic susceptibility data were then
binned and smoothed, using a Gaussian interpolation scheme and a
15-cm window, to a uniform 5-cm sampling interval. The combined
multiple hole natural gammaactivity datawere binned and smoothed
to auniform 10-cm sampling interval using a 30-cm Gaussian win-

lopes to be developed for each estimate because the multiple realiza-
tions from adjacent holes are combined in the stack. Thus, Figures 4

6 show a 1-standard deviation@)-envelope about the total natural
gamma-ray data. Although after correlation and binning, the number
of samples in every sample bin is not constant, on average 2.5 mea-
surements at Sites 926 and 928 were available within each 10-cm
window. Because, on average 2.5 realizations were available for each
sample, the random error in the stacked natural gamma-ray measure-

dow. A portion of the resulting “stacked” magnetic susceptibility andments is reduced by a factor of relative the individual measurements.
natural gamma data from Site 926 is shown in Figure 3. Comparisofhree measurements were available (on average) in the uppermost
of the stacked and smoothed data to the multiple hole data it was deart of Site 929; likewise, the random error in the stacked measure-
rived from qualitatively indicates the better signal-to-noise ratio andments is on average reduced by a factor of. Because Gaussian win-

hence, increased utility of the stacked data.

RESULTS
Sacked Natural Gamma Activity Records

dows were utilized in binning and smoothing, measurements from
adjacent depths are also incorporated into tbedlculation for each
sample. These error envelopes provide much-needed constraints on
subsequent lithologic interpretations that make use of natural gam-
ma-ray measurements.

The stacked, smoothed natural gamma activity as well as magnet-

Binned, smoothed, and stacked records of natural gamma activity susceptibility data are ideally suited for studies of lithologic com-
for Sites 926, 928, and 929 are presented in Figures 4, 5, and 6, pwsition on the Ceara Rise (e.g., King et al., this volume; Harris et al.,
spectively. The binning and smoothing of the data allows error envehis volume). Use of the stacked data allows the use of all data col-
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Table 2. Correlation coefficient between each core and the shipboard splice reference before and after decimeter-scale correlation to the shipboard
splice.

Hole 9258 Hole 925D Hole 925 Hole 927A Hole 927B Hole 927C
APC cores APC cores APC cores APC cores APC cores APC, XCB cores
Core Before After Before  After Before  After Core Before After Before  After Before  After
1 0.885 0.945 0.575 0.919 9 0.135 0.825 0.180 0.860 0.312 0.474
2 -0.079 0.912 0.184 0.789 10 0.281 0.872 0.501 0.745 0.357 0.847
3 0.860 0.969 0.242 0.862 11 0.134 0.675 0.326 0.689 0.173 0.546
4 0.178 0.849 0.547 0.89%4 12 0.271 0.795 0.125 0.661 0.561 0.836
5 0.783 0.900 13 0.270 0.785 0.271 0.918 -0.034 0.904
6 0.596 0.786 0.184 0.510 14 0.048 0.817 -0.027 0.651 0.266 0.777
7 0.028 0.532 15 0.181 0.581 -0.038 0.960 0.087 0.950
8 0.638 0.803 16 0.373 0.734 0.489 0.814 0.539 0.919
9 0.602 0.893 17 0.237 0.669 0.353 0.882 0.341 0.914
10 0.142 0.600 18 0.351 0.761 0.302 0.801 0.214 0.85
11 0.176 0.664 19 0.161 0.794 0.394 0.761
12 0.436 0.807 0.579 0.981 20 0.040 0.302 0.253 0.812 0.210 0.86
13 0.294 0.733 0.242 0.975 21 0.181 0.592 0.246 0.583 0.229 0.86
14 -0.040 0.685 0.349 0.867 22 0.188 0.681 0.376 0.551 0.123 0.762
15 0.782 0.795 -0.015 0.990 23 0.896 0.910 0.583 0.787
16 0.198 0.698 0.839 0.906 24 0.062 0.662 0.068 0.861 0.212 0.820
17 0.728 0.923 0.919 0.957 25 0.441 0.742 0.248 0.670 0.220 0.470
18 0.546 0.911 0.630 0.806 26 0.608 0.865 0.515 0.644 0.365 0.701
19 0.469 0.939 0.542 0.823 27 0.343 0.761 0.310 0.816 0.077 0.83
20 0.040 0.704 0.772 0.915 28 0.407 0.866 0.199 0.641 0.132 0.770
21 0.055 0.751 0.745 0.902 29 0.456 0.879
22 0.240 0.508 0.752 0.902 30 0.145 0.876
23 0.798 0.908 0.523 0.687 31 -0.346 0.272
24 0.109 0.734 0.985 0.990
%Fé —gégg 828% (())ggg 0.996 Hole 928A Hole 928B Hole 928C
57 0,506 0.701 0791 0.840 APC, XBC cores APC, XCB cores APC, XCB cores
28 0.267 0.330 0.256 0.769 Core Before After Before After Before After
29 0.782 0.946 0.979 0.976
30 0.822 0.916 0.907 0.982 1 0.561 0.878 0.385 0.834 0.279 0.687
31 0.895 0.945 0.414 0.855 2 0.264 0.664 0.262 0.899
32 0.844 0.969 0.584 0.900 3 0.501 0.929 0.119 0.634
33 0.467 0.850 0.937 0.949 4 0.385 0.851 0.190 0.818 0.301 0.863
34 0.896 0.998 5 0.488 0.905 0.581 0.745 0.181 0.877
6 0.509 0.817 0.345 0.807 0.318 0.760
Hole 926A Hole 926B Hole 926C 7 0.477 0.867 0.546 0.828 0.305 0.872
APC cores XCB cores APC cores 8 0.421  0.589 0.266  0.788 0.282  0.962
9 0.400 0.885 0.449 0.796 0.639 0.819
Core Before After Before After Before After 10 0.362 0.719 0.230 0.841 0.387 0.878
11 0.218 0.697 0.270 0.887 0.195 0.855
1 0.703 0.839 0.943 0.981 0.779 0.943 12 0.001 0.796 0.085 0.707 0.001 0.883
2 0.493 0.868 0.834 0.942 0.943 0.973 13 0.085 0.868 0.031 0.641 0.002
3 -0.020 0.760 0.892 0.945 0.822 0.960 14 0.378 0.916 0.295
4 0.149 0.892 0.811 0.885 0.803 0.891 15 0.245 0.777 0.451 0.886
5 0.276 0.902 0.776 0.915 0.861 0.947 16 0.412 0.936 0.561 0.868
6 0.312 0.617 0.721 0.905 0.865 0.978 17 0.087 0.124 0.579 0.739
7 0.329 0.883 0.738 0.893 0.960 0.964 18 0.539 0.881 0.683 0.892 0.393 0.828
8 0.710 0.918 0.636 0.889 0.795 0.904 19 0.353 0.759 0.366 0.517 0.595 0.801
9 0.853 0.927 0.161 0.775 0.841 0.939 20 0.401 0.761 0.571 0.681 0.562 0.776
10 0.593 0.696 0.709 0.890 21 0.306 0.720 0.715 0.936
11 0.679 0.865 -0.149 0.713 23 0.184 0.761
12 0.856 0.957 0.331 0.782 25 0.476 0.767
13 0.265 0.753 0.898 0.939
ig 8'823’ 8'%3 8'352 g'ggg Hole 929A Hole 9298 Hole 929C
16 0,936 0.041 0435 0873 APC cores APC cores APC cores
17 0.200 0.901 0.622 0.914 Core Before After Before After Before After
18 0.188 0.811 0.955 0.973
19 0.332 0.830 0.964 0.986 1 0.310 0.820 0.468 0.896 0.378 0.865
20 0.478 0.986 0.752 0.940 2 0.094 0.865 0.746 0.896 0.254 0.745
21 0.549 0.876 0.665 0.872 3 0.275 0.788 0.375 0.901 0.313 0.967
22 0.488 0.810 0.510 0.762 4 0.381 0.871 0.467 0.907 0.341 0.905
23 0.896 0.910 0.583 0.787 5 0.254 0.831 0.276 0.975 0.318 0.773
24 0.832 0.904 0.781 0.976 6 0.062 0.859 0.355 0.904 0.073 0.743
25 0.877 0.965 0.885 0.964 7 0.208 0.916 0.698 0.884 0.330 0.854
26 0.783 0.978 0.869 0.906 8 0.066 0.545 0.272 0.964
27 -0.184 0.873 0.689 0.840 9 0.491 0.959 0.378 0.804 0.498 0.886
28 0.795 0.897 0.207 0.680 10 0.021 0.633 0.000 0.522 0.096 0.746
29 0.129 0.502 0.985 0.983 11 0.446 0.958 0.433 0.698 0.152 0.798
30 0.135 0.511 12 0.022 0.876 0.077 0.781 0.194 0.583
13 0.121 0.902 0.338 0.826 0.374 0.887
Hole 927A Hole 927B Hole 927C 14 0.522 0.882
APC cores APC cores APC, XCB cores 15 0577 0.790 0.762  0.906
Core Before After Before After Before After Hole 929D
1 0285  0.687 0310 0837 -0.029 0580 __APCcores
2 0.373 0.945 0.473 0.843 0.362 0.695 Core Before After
3 0.412 0.829 0.504 0.791 0.639 0.951
4 0.428 0.839 0.360 0.916 0.434 0.947 1 0.730 0.887
5 0.121 0.802 0.277 0.801 0.224 0.722 2 0.604 0.861
6 0.137 0.503 0.300 0.882 -0.048 0.784 3 0.381 0.819
7 0.108 0.433 0.126 0.738 0.149 0.931 4 0.372 0.872
8 0.279 0.723 0.405 0.837 0.256 0.890 5 0.275 0.749
6 0.550 0.859
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Figure 4. Natural gamma, Site 926; 1-0 envelopes are plotted with the stacked, interpolated natural gamma record.

lected from each site, rather than only a single (noisy) realization. In
addition, the rmcd depth scale allows lithologic information collected
in one holeto betransferred to the adjacent holes at each site at better
than decimeter resolution.

The stacking procedure not only provides for less noisy (lower
mean square error) estimates of total natural gamma-ray activity, but
the multiple channels of natural gamma-ray emissions including the
Thand K channelswill aso havereduced error. Typically, the Thand
K channels are characterized by lower total activity and thus in-
creased noisiness, complicating the use of core-derived measure-
ments of these variables. (Note: The K gamma-ray activity refersto
the 1100-1590 keV energy range and the Th gamma-ray activity re-
fers to the 2000—-3000 keV energy range, the channels used for both
downhol e and sediment measurements during Leg 154). Because the
stacking procedure allows for an averaging of multiple Th and K
channel natural gamma-ray activity in each 10-cm bin, the core-de-
rived measurements of Thand K natural gamma-ray activity will also

122

have lower random error, as discussed for the total natural gamma-
ray activity above. In Figures 7, 8, and 9, the binned and stacked total
natural gamma activity, Th and K natural gamma activity are dis-
played for Sites 926, 928, and 929, respectively. These core-derived
natural gamma activity data are now ideally suited for comparison to
mineralogy and for examination of Th and K activity changes on or-
bital time scales; they are also superior data for integration with
downholelogs (e.g., deMenocal and King, 1995). Additiona investi-
gation using these data will allow compositional changes in terrige-
nous sedimentation on the Ceara Rise to be quantitatively evaluated.

Coreand Log Integration

Integration of the core- and log-derived natural gammeacray activ-
ity data follows naturally from the above result. Once the core-de-
rived and | og-derived data sets areintegrated, the core-based age con-
trol and geochemical information can be transferred directly to the
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Figure 5. Natural gamma, Site 928; 1-0 envelopes are plotted with the stacked, interpolated natural gamma record.

downhole logs; similarly, log-derived information can be transferred
to the actual cored material. Investigations can aso be madeinto the
empirical vertical and temporal resolution of both the core and thelog
data (e.g., deMenocal and King, 1995). Integration can only occur if
the two data sets must be related to a common depth scale. As Figure
10A shows, athough post-cruise depth shifting relates the log-de-
rived natural gamma activity to the mbsf depth scale, the log-derived
data now need to be related to the rmed depth scale (or vice versa, as
long as a common depth scale is achieved).

An example from Site 926 illustrates integration of the core and
log depth scales (Fig. 10). In Figure 10A, core- and log-derived total
natural gammarray data from Site 926 are displayed on rmed and
mbsf depth scales, respectively. Transfer of the core-derived datato
the rmed depth scale is described earlier in the text; depth-shifting of
the log-derived data to mbsf depth is provided post-cruise by the
Borehole Research Group (Curry, Shackleton, Richter, et al., 1995).
In the bottom panel, the two records have been correlated to one an-
other and related to a common depth scale (rmced depth) through the
use of inverse correlation methods (Martinson et al., 1982).

Theinverse correlation procedure that rel ates the two depth scales
is as follows: tie points, features that are equivalent in the core and
the log records for the top (56.10 rmcd, core; 50.13 mbsf, log) and
bottom (306.71 rmcd, core; 276.90 mbsf, log) of the core and log data
that will be correlated are identified. From aninitial correlation coef-
ficient between the two signals of 0.48, inverse mapping of aFourier

sine series proceedsiteratively until the correlation ceasesto increase
without inducing unrealistic, discontinuous distortions to the map-
ping function and the data. A final correlation of 0.654 was achieved
with 72 coefficients of the Fourier mapping function. The mapping
function relating Site 926 log data (on mbsf) to the rmed scaleis giv-
enin Table 3 and displayed in Figure 11.

Once related to the same common depth scale, the astronomically
calibrated age model developed by Shackleton et al. (this volume)
can be transferred to the log data, and thus the core and log data can
be compared in either the time or the depth domain. To investigate
the temporal variability in terrigenous sedimentation at the Ceara
Rise, aswell asto determine empirically the effective temporal reso-
lution of the logging measurements, it is useful to view the natural
gamma core and |og activity in the time domain. Figure 12 showsthe
Site 926 log-derived and core-derived natural gamma-ray activity
converted to age using the time scale of Shackleton et a. (this vol-
ume). Both natural gammearray activity records document along-term
evolution, with amajor decrease after 11 Ma, followed by anincrease
near 8 Ma. Evidence for orbital scale variationsis discerniblein both
records aswell.

The natural gammarray activity oscillations documented by the
core and log measurements are quantified by examination in the fre-
quency domain. In Figure 13, we give the power spectra, the coher-
ence spectrum and the gain spectrum for the Site 926 log and core
natural gamma activity records over the entire 1.8-14 m.y. interval
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Figure 6. Natural gamma, Site 929; 1-0 envelopes are plotted with the stacked, interpolated natural gamma record.

represented by the integrated data. Typically, paleoclimatic time se-
ries investigations involve spectral analysis of no more than a few
m.y. a most; the records displayed in Figure 13 represent over 10
m.y. Asaresult, the low frequency oscillations that are typically dif-
ficult to seein paleoclimatic records are observed in both the core and
the log natural gamma activity records. In particular, concentrations
of variance are observed at periods of 412 k.y., 123 k.y., and 96 k.y.
These oscillations are part of the primary Milankovitch forcing (e.g.,
as described by Berger, 1988). Typicaly, the 412-k.y. eccentricity
oscillation is difficult to detect, owing to insufficient record length
and resolution, although in theory the 412-k.y. oscillation ishigher in
amplitude than the 100-k.y. components of eccentricity (Berger,
1988). Likewise, the ~96-k.y. and ~123-k.y. oscillations that are typ-
ically not separated in the frequency domain are commonly known,

together, as the well-known “100-k.y.” concentration of varianc

(e.g., Imbrie et al., 1992). Both core and log data demonstrate a stro
concentration of variance at 41 k.y., which corresponds to obliquit
variations. Because the log data are not high enough in resolution

document changes in the orbital precession band (2310.\k.y.)

without aliasing, only variance to 41 k.y. is displayed. However, wer
the core-derived data plotted to the effective Nyquist frequency

rived measurements, H(f), is calculated as the magnitude of the
cross-spectrum between the core and log data at frequency f,
(\ny(f)| , where x = log data and y = core data) normalized by the
amplitude of the log spectrum, Gyy(f) (Bendat and Piersol, 1986):

H(f) = [Sut8]
Gxx(f)
The gain function for the Site 926 log/core comparison indicates that
at amost every frequency, the log natural gamma record is attenuat-
ed (lower in amplitude) relative to the core. The only exception is
the 41-k.y. cycle. As suggested by the power spectra plot, the ampli-
tude of the 41-k.y. cycle recorded in the log natural gamma data is
strongly amplified relative to the amplitude recorded in the core da-
a This may be a conseguence of the higher continuity of the log
B&a relative to the core data. Additional factors contributing to the
plification of the log measurements are under continued study.
om the example given here, however, one can conclude that both
core and log natural gamma activity data from Site 926 accurately
locument orbital to tectonic scale variability in terrigenous sedimen-
ion.

~10 k.y., statistically significant precession-band variance would be
evident, although reduced in comparison to the variance at longer pe-

riods (>100 k.y.).

CONCLUSIONS

Both core and log natural gamma records are significantly coher-
ent at these orbital frequencies, as well as most frequencies lower Using magnetic susceptibility asacorrelation tool, natural gamma

than 100 k.y. Both records are in phase (not shown), with an aver-
age phase equal to 0 at every frequency. The gain function (Fig. 13,
bottom pand!), identifies the extent to which log-derived natural gam-
marray activity may be attenuated and/or amplified relative to
stacked core-derived measurements. The gain function quantifiesthe

activity datameasured in adjacent holes at Ceara Rise Sites 926, 928,
and 929 were combined together to produce a superior record for
each site. In the process of correlating data from adjacent holesto the
scale of decimeters, arevised composite depth scaleis devel oped that
permits integration of multiple hole data at very high resolution. As

amount of amplification/attenuation as a function of the coherent
variance shared between the two measurements. For any frequency f,
the gain factor of the log-derived measurements over the core-de-

a result of application of the methods discussed above, “stacked”
records of natural gamma and magnetic susceptibility were devel-
oped that were less noisy at all channels and that had lower mean
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squareerror. These high-quality natural gammadata, which make use
of all available measurements, are more robust thanistypically avail-
ablefrom asingle APC/XCB hole. Like downholelog measurements
of natural gamma emissions, these multichannel measurements pro-
vide quantitative information regarding the composition of terrige-
nous materials deposited on the Ceara Rise. These data are ideal for
the integration of core and log natural gamma variability in those in-
tervals in which multiple hole data and logs coexist. An example is
given using the Site 926 | og- and core-derived natural gammaactivity
records. It is demonstrated that although core and log natural gamma
data record similar long term variations, log data generaly record
lower amplitude variations than the core data. Additional investiga-
tion using these datawill allow compositiona changesin terrigenous
sedimentation on the Ceara Rise to be quantitatively evaluated.
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Table 3. Mapping function relating Site 926 log-derived natural gamma activity recorded in mbsf depths (Ieft) to the equivalent rmcd depths (right).

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B
(mbsf)  (rmcd) (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmcd) (mbsf)  (rmcd)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmcd)
50.14 56.10 57.61 64.86 65.07 72.16 72.54 81.93 86.11 95.91 9357 10458 101.04 11259 10851 120.86
50.29 56.26 57.76 64.99 65.23 72.30 72.69 82.05 86.26 96.07 93.73 10475 10119 112.77 108.66 121.02
50.44 5642 5791 6512 6538 7243 7285 8218 86.41 96.23 9388 10491 101.35 11295 10881 121.18
50.60 56.57  58.06 6525 6553 7257 7300 8230 86.56 96.39 9403 10507 101.50 11313 10897 121.34
50.75 56.74 5822 6538 6568 7271 7315 8243 86.72 96,55 9418 10523 101.65 11331 109.12 121.50
50.90 56.90 58.37 65.51 65.84 72.85 73.30 82.55 86.87 96.71 9434 10539 101.80 11349 109.27 121.66
51.05 57.06 58.52 65.64 65.99 72.99 73.46 82.66 87.02 96.87 9449 10555 101.96 113.67 10942 121.83
51.21 57.23 58.67 65.77 66.14 73.14 73.61 82.78 87.17 97.03 9464 10570 102.11 11384 109.58 121.99
51.36 5740 58.83 6591 6629 7328 7376 8290 87.33 9720 9479 10586 10226 114.02 109.73 122.16

51.51 5758  58.98 66.05 66.45 73.44 73.91 83.02
51.66 57.76  59.13 66.19 66.60 73.59 74.07 83.13
51.82 5795  59.28 66.33 66.75 73.76 74.22 83.25

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B

5197 5814 5944 6647 6690 7392 7437 8337 (mbsf)  (rmed)  (mbsf)  (med)  (mbsf) - (rmed) - (mbsf) - (rmed)
52.12 58.33  59.59 66.62 67.06 74.10 74.52 83.48

52.27 58.53 59.74 66.77 67.21 74.28 74.68 83.60 109.88 12233 11735 131.61 12482 13993 13228 149.66
52.43 5874 59.89 66.92 67.36 74.47 74.83 83.72 110.03 12251 11750 13173 12497 14013 13244 149.87
52.58 5896  60.05 67.07 67.51 74.67 74.98 83.84 110.19 122.68 11765 131.85 12512 14034 13259 150.07
52.73 50.17 60.20 67.23 67.67 74.88 75.13 83.96 110.34 122.86 117.81 13197 12527 14054 132.74 150.28
52.88 59.40 60.35 67.39 67.82 75.10 75.29 84.08 110.49 12305 11796 132.09 12543 140.74 13289 15047
53.04 59.62 60.50 67.55 67.97 75.33 75.44 84.20 110.64 12324 11811 13221 12558 14094 133.05 150.66
53.19 59.86 60.66 67.71 68.12 75.57 75.59 84.32 110.79 12343 11826 13234 12573 14114 13320 150.85
53.34 60.09 60.81 67.88 68.28 75.83 75.74 84.45 110.95 123.63 11841 13246 12588 141.33 13335 151.03
53.49 60.32 60.96 68.05 68.43 76.09 75.90 84.58 111.10 12384 11857 13259 126.03 14153 13350 151.21
53.64 6055 61.11 68.22 68.58 76.36 76.05 84.71 111.25 12405 11872 13271 12619 14172 133.65 151.39
53.80 60.78 61.26 68.38 68.73 76.64 76.20 84.84 111.40 12426 11887 13284 12634 14191 13381 151.56
53.95 61.00 61.42 68.55 68.88 76.93 76.35 84.98 111.56 12449 119.02 13297 12649 14211 13396 151.72
54.10 61.22 61.57 68.72 69.04 77.22 76.50 85.12 111.71 12472 11918 13311 12664 14229 13411 151.89
54.25 6144 6172 68.89 69.19 77.51 76.66 85.26 111.86 12495 11933 13324 12680 14248 13426 152.04
54.41 61.65 6187 69.06 69.34 77.80 76.81 85.40 112.01 12519 11948 13338 12695 14267 13442 152.20
54.56 61.85 62.03 69.23 69.49 78.08 76.96 85.55 112.17 12544 119.63 13352 12710 14285 13457 152.35
54.71 62.04 62.18 69.39 69.65 78.36 7711 85.70 112.32 12569 119.79 133.66 127.25 143.03 134.72 152.50
54.86 62.23 62.33 69.56 69.80 78.63 7727 85.85 112.47 12594 11994 13381 12741 14322 13487 152.65
55.02 62.41 62.48 69.72 69.95 78.89 77.42 86.01 112.62 126.20 120.09 13396 12756 14340 135.03 152.79
55.17 62.59 62.64 69.88 70.10 79.13 7757 86.17 112.78 126.45 12024 13412 12771 14358 13518 15293
55.32 62.76  62.79 70.03 70.26 79.37 77.72 86.33 112.93 126.71 12040 134.27 127.86 14376 13533 153.07
55.47 62.92 62.94 70.19 70.41 79.60 77.88 86.50 113.08 12696 12055 13443 128.02 14394 13548 15321
55.63 63.08 63.09 70.34 70.56 79.81 78.03 86.67 113.23 12722 120.70 13459 12817 14412 135.64 153.35
55.78 63.23 70.93 7117 80.58 78.64 87.38 63.27 113.39 12746 120.85 13476 12832 14431 13579 153.48
56.39 63.81 63.86 71.07 71.32 80.75 78.79 87.56 113.54 127.70 121.01 13493 12847 14449 13594 153.62
56.54 6395 64.01 71.21 71.48 80.92 78.94 87.75 113.69 12793 12116 13511 128.63 14467 136.09 153.75
56.69 64.08 64.16 71.35 71.63 81.08 79.10 87.94 113.84 12815 12131 13528 12878 14486 136.25 153.88
56.85 6422 6431 71.49 71.78 81.23 79.25 88.13 114.00 12837 12146 13547 12893 14505 136.40 154.02
57.00 64.35 64.47 71.62 71.93 81.38 79.40 88.32 114.15 12858 121.62 13565 129.08 14524 13655 154.15
57.15 64.48 64.62 71.76 72.09 81.52 79.55 88.52 114.30 12877 121.77 13584 12924 14543 136.70 154.28
57.30 64.61 64.77 71.89 72.24 81.66 79.71 88.72 114.45 12896 12192 136.03 129.39 14562 136.86 154.41
57.45 64.73 64.92 72.03 72.39 81.79 79.86 88.91 114.60 12914 12207 136.22 12954 14582 137.01 154.55

114.76 12932 12222 13642 129.69 14602 137.16 154.68
114.91 12948 12238 136.62 129.84 14622 13731 154.82

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 11506 12964 12253 13682 130.00 14642 137.46 154.95
(mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf) - (rmced) 11521 12980 12268 137.02 130.15 14663 137.62 155.09
11537 12995 12283 13723 130.30 14684 137.77 15523

80.01 8911 8748 9737 9495 10601 10241 114.20 11552 13009 12299 13743 13045 147.05 137.92 155.37
80.16 8931 8763 9754 9510 106.16 10257 114.37 11567 13023 12314 13764 13061 147.26 13807 15551
80.31 8951 87.78 9771 9525 10632 10272 11455 11582 13037 12329 137.85 130.76 14748 13823 155.66
80.47 8971 8793 9788 9540 10647 10287 114.72 11598 13050 12344 13806 13091 14770 13838 155.80
80.62 8990 8809 9805 9555 106.62 10302 114.89 11613 13063 12360 13827 131.06 147.92 13853 155.95
80.77 9010 8824 9822 9571 10677 10317 11507 11628 13076 12375 13848 131.22 14814 13868 156.10
80.92 9029 8839 9840 9586 10692 10333 11524 11643  130.88 12390 13868 131.37 14836 13884 156.26
81.08 90.48 8854 9858 9601 107.07 10348 11541 11659  131.01 12405 138.89 13152 14858 13899 156.41
81.23 9067 8870 9876 9616 107.22 10363 11558 11674 13113 12421 13910 131.67 14880 139.14 156.57
81.38 90.86 8885 9894 9632 107.37 103.78 11575 11689 13125 12436 13931 131.83 14902 13929 156.73
81.53 91.05 89.00 9912 9647 10752 10394 115.93 117.04 13137 12451 13952 131.98 14924 139.45 156.90
81.69 9123 8915 9930 9662 107.67 10409 116.10 117.20 13149 12466 13972 13213 14945 139.60 157.07

81.84 9141 8931 99.48 96.77 107.82 10424 116.26
81.99 9159  89.46 99.67 9693 10797 10439 11643
82.14 91.77  89.61 99.85 97.08 108.12 10455 116.60

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B

82.30 91.94 89.76 10004 9723 10828 10470 116.77 (mbsf)  (rmed)  (mbsf)  (rmed) - (mbsf)  (rmed)  (mbsf) - (rmcd)
82.45 9212 89.92 100.23 97.38 10843 104.85 116.94

82.60 9229  90.07 100.42 9754 10859 10500 117.10 139.75 157.24 14722 16557 15469 17401 162.15 182.02
82.75 9245 90.22 100.61 9769 108.74 10516 117.27 139.90 15741 14737 16575 154.84 17414 16231 18214
82.91 9262 90.37 100.79 97.84 10890 10531 117.44 140.06 15759 14752 165.93 15499 17428 16246 182.26
83.06 9279 9053 100.98 97.99 109.06 10546 117.60 140.21 157.77 14768 166.12 15514 17442 162.61 182.37
83.21 9295 90.68 101.17 08.15 109.22 10561 117.77 140.36 157.96 147.83 166.32 15530 17456 162.76 182.50
83.36 93.11 90.83 101.36 98.30 109.39 10577 117.93 140.51 158.14 14798 166.52 15545 17471 16292 182.62
83.52 93.27 90.98 101.55 98.45 109.56 10592 118.10 140.67 158.33 148.13 166.72 155.60 17486 163.07 182.75
83.67 93.43 91.14 101.74 098.60 109.72 106.07 118.26 140.82 15852 14829 166.93 15575 17502 163.22 182.88
83.82 9359 91.29 101.93 08.76 109.89 106.22 118.42 140.97 158.71 14844 16715 15591 17519 163.37 183.01
83.97 93.75 91.44 102.12 09891 110.07 106.38 118.59 141.12 15890 14859 167.37 156.06 17536 163.53 183.15
84.12 93.91 91.59 102.30 09.06 11024 10653 118.75 141.27 159.10 14874 167.60 15621 17554 163.68 183.30
84.28 94.06 91.74 102.49 0021 11042 106.68 118.92 141.43 15929 14889 167.83 156.36 17573 163.83 183.45
84.43 94.22 91.90 102.67 0036 110.95 107.14 119.40 141.58 15949 14905 168.06 156.51 17592 163.98 183.61
84.89 94.68 92.35 103.21 00.82 111.13 10729 119.57 141.73 159.68 14920 168.29 156.67 176.12 164.13 183.77
85.04 9483 9251 103.39 0097 111.32 107.44 119.73 141.88 159.87 14935 168,52 156.82 17633 16429 183.94
85.19 9499 92,66 10357 100.13 11150 107.59 119.89 142.04 160.07 14950 168.75 156.97 17654 164.44 184.12
85.34 9514 92.81 103.74 10028 111.68 107.75 120.05 142.19 160.26 149.66 168.98 157.12 176.76 164.59 184.30
85.50 95.29 9296 10391 10043 111.86 107.90 120.21 142.34 16045 14981 169.21 15728 176.99 164.74 184.50
85.65 95.45 93.12 104.08 10058 112.05 108.05 120.37 142.49 160.63 14996 16943 15743 177.21 16490 184.70
85.80 95.60 093.27 10425 100.74 11223 10820 12053 142.65 160.81 150.11 169.64 15758 17744 165.05 184.91
85.95 09576  93.42 10442 100.89 11241 10836 120.70 142.80 161.00 150.27 169.85 157.73 177.66 16520 185.13
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Table 3 (continued).

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B
(mbsf) (rmcd)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmcd) (mbsf) (rmcd)  (mbsf)  (rmed)  (mbsf)  (rmcd)  (mbsf)  (rmcd)
142.95 161.17 15042 17006 15789 17789 16535 185.36 199.95 22198 20742 23054 21488 239.06 22235 247.23
143.10 161.35 150,57 17025 158.04 17811 16551 18559 200.10 22219 20757 230.70 215.04 23924 22250 247.37
143.26 16152 150.72 17044 15819 178.33 165.66 185.82 200.25 22240 207.72 230.86 21519 23942 222,66 247.51
143.41 161.69 150.88 170.63 158.34 17853 165.81 186.05 200.41 22261 207.87 23102 21534 239.60 22281 247.66
143.56 161.86 151.03 170.80 15850 178.74 16596 186.29 200.56 22282 20803 23118 21549 239.79 22296 247.81
143.71 162.02 151.18 17097 158.65 17893 166.12 186.53 200.71 223.04 208.18 23134 21565 23998 22311 247.96
143.87 162.18 151.33 171.14 15880 179.12 166.27 186.76 200.86 22325 208.33 23150 21580 240.17 22327 248.12
144.02 162.34 15149 17129 15895 179.30 166.42 186.99 201.02 22346 208.48 23166 21595 24036 22342 248.28
144.17 16249 151.64 17145 15911 179.47 16657 187.22 201.17 22367 20864 231.82 216.10 24056 22357 248.45
144.32 162.65 151.79 17159 159.26 179.64 166.73 187.44 201.32 22387 20879 23198 216.26 240.76 22372 248.63
144.48 162.80 151.94 17174 15941 179.80 166.88 187.66 201.47 22407 20894 23214 21641 24096 22388 24881
144.63 16295 15210 17188 15956 179.95 167.03 187.87 201.63 22427 209.09 23230 21656 24116 224.03 249.00
144.78 163.10 15225 17201 159.72 180.09 167.18 188.07 201.78 22446 209.25 23247 21671 24137 22418 249.19
144.93 163.25 15240 17214 159.87 180.24 167.34 188.27 201.93 22465 20940 23263 216.87 24158 22433 249.40
145.08 163.39 15255 17227 160.02 180.37 167.49 188.46 202.08 22484 20955 23279 217.02 24179 22449 249.60
145.24 16354 152,70 17240 160.17 18050 167.64 188.64 202.23 225.02 209.70 23296 217.17 24200 22464 24981
145.39 16369 15286 17253 160.32 180.63 167.79 188.82 202.39 22520 209.85 23313 217.32 24220 22479 250.03
145.54 163.83 153.01 17265 16048 180.76 167.94 189.00 202.54 22538 210.01 23330 21747 24241 22494 250.24
145.69 163.98 153.16 17277 160.63 180.88 168.10 189.17 202.69 22556 210.16 23347 217.63 242.62 22509 250.46
145.85 164.13 15331 17289 160.78 181.00 168.25 189.33 202.84 22573 21031 23364 21778 24282 22525 250.68
146.00 164.28 15347 17301 16093 181.12 16840 189.49 203.00 22590 21046 23381 21793 243.02 22540 250.90
146.15 16443 153.62 17314 161.09 181.23 16855 189.65 203.15 226.07 21062 23399 218.08 24322 22555 251.11
146.30 16458 153.77 17326 16124 18135 168.71 189.80 203.30 226.24 21077 23416 21824 24341 22570 251.32
146.46 164.74 15392 17338 161.39 18146 168.86 189.96 203.45 22640 21092 23434 21839 24359 22586 25153
146.61 16490 154.08 17350 16154 18157 169.01 190.11 203.61 22656 211.07 23452 21854 24378 226.01 251.72
146.76 165.06 154.23 17362 161.70 181.68 169.16 190.25 203.76 226.73 21123 23470 21869 24395 22616 25191
146.91 16523 154.38 17375 161.85 181.80 169.32 190.40 203.91 226.89 21138 23489 21885 24412 22631 252.10
147.07 16540 15453 17388 162.00 18191 16947 190.54 204.06 227.05 21153 23507 219.00 24429 22647 25227

204.22 22721 21168 23526 21915 24445 226,62 252.45

204.37 22737 21184 23544 21930 24460 22677 252.61

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 20452 99752 91199 23563 21946 24475 29692 25977
(mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed) 20467 22768 21214 23582 21961 24490 227.08 252.92
204.83  227.84 21229 23600 21976 24504 22723 253.07

169.62  190.69 177.09 19839 18456 20649 19202 212.66 20498 22800 21245 23619 21991 24518 227.38 25321
169.77 19083 17724 19854 18471 20664 19218 212.88 20513 22816 21260 23638 22007 24532 22753 25335
169.93 19097 177.39 198.69 184.86 206.79 19233 213.10 205.28 228.32 21275 23656 220.22 24545 227.69 253.49
17008 19112 17755 19885 18501 20693 19248 21334 205.44 22847 21290 23675 22037 24558 227.84 253.62
17023 19126 17770 19900 18517 207.07 19263 21358 20559 22863 21306 23693 22052 24571 22799 25376
17038 19140 17785 199.15 18532 207.21 19279 21382 20574 22879 21321 23711 22068 24584 22814 253.89
17054 19155 17800 199.30 18547 207.34 19294 214.07 20589 22895 21336 237.29 220.83 24596 22830 254.02
17069 19169 178.16 19946 18562 207.47 19309 21432 20604 22911 21351 23747 22098 24609 22845 254.16
170.84  191.83 17831 19961 18578 20759 19324 21456 20620 22927 21366 23765 22113 24621 22860 254.30
17099 19198 17846 199.76 18593 207.71 19340 21481 20635 22943 21382 237.83 22128 24633 22875 254.44
17115 19213 17861 19991 186.08 207.83 19355 21505 20650 22959 21397 23800 22144 24646 22890 254.58
171.30 19227 17877 20006 18623 207.95 19370 21528 20665 22975 21412 23818 22159 24658 22906 254.73
17145 19242 17892 20022 18639 20806 19385 21550 20681 22991 21427 23835 221.74 24671 22921 254.88

171.60 19258 179.07 20037 18654 208.17 19401 21572
17175 19273 179.22 20052 186.69 20828 194.16 215.93

171.91 19288 17937 20068 186.84 20839 19431 21613 926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B
17206 19304 17953 200.83 18699 20849 19446 216.32 (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed)
17221 19319 17968 20099 187.15 20860 19461 21651

17236 19335 17983 20115 187.30 20870 19477 216.69 22936 25505 236.83 26367 24430 27407 25176 28177
17252 19351 17998 20131 187.45 20880 19492 216.86 22951 25522 23698 26392 24445 27425 25192 281.93
17267 19367 180.14 20146 187.60 20890 19507 217.02 22967 25541 237.13 26421 24460 27444 25207 282.10
172.82 19383 18029 201.63 187.76 209.00 19522 217.18 22982 25560 23729 26456 24475 27464 25222 282.26
172.97 19400 18044 20179 18791 20910 19538 217.34 22997 25582 23744 26499 24491 27485 25237 28243
17313 19416 18059 201.95 188.06 209.20 19553 217.49 23012 25605 23759 26549 24506 27505 25253 282.61
17328 19433 18075 20212 18821 20930 19568 217.63 23028 25631 237.74 26608 24521 27527 252.68 282.78
17343 19450 18090 20228 18837 209.39 19583 217.78 23043 25659 237.90 26670 24536 27548 252.83 282.97
17358 19466 181.05 20245 18852 20949 19599 217.92 23058  256.88 23805 267.31 24552 27569 25298 283.15
173.74 19483 18120 20262 188.67 20959 196.14 218.06 23073 25721 23820 267.87 24567 27590 25314 28333
17389 19500 181.36 20280 188.82 209.69 19629 21819 23089 25755 23835 26834 24582 27611 25329 28352
17404 19517 18151 20297 188.98 209.80 19644 21833 231.04  257.90 23851 26874 24597 27632 25344 28371
17419 19533 18166 20315 18913 209.90 19660 218.46 23119 25826 23866 269.08 246.13 27652 25359 28391
17435 19550 181.81 20333 18928 21001 19675 21859 231.34 25861 23881 26036 24628 27671 25375 284.10
17450 19567 181.97 20350 189.43 21011 19690 21873 23150 25894 23896 26961 24643 27690 25390 284.29
17465 19583 18212 20369 18959 21022 19705 21886 231.65 25024 239.12 269.82 24658 277.08 25405 284.48
17480 19600 18227 20387 189.74 21033 19721 21899 231.80 25952 239.27 27001 24674 27726 25420 284.67
17496 19616 18242 20405 189.89 21045 197.36 21913 231.95 25977 23942 27018 24689 27743 25436 284.86
17511 19633 18258 20423 190.04 21057 19751 219.26 23211 25999 23957 27034 247.04 27759 25451 285.05
17526 19649 18273 20442 19020 21069 197.66 219.40 23226 26019 239.73 27048 24719 27775 25466 28523
17541 19665 182.88 20460 190.35 21082 197.82 21954 23241 26037 239.88 27061 24735 27791 25481 28541
17556  196.82 183.03 20478 19050 21095 197.97 219.69 23256 26053 24003 27074 24750 27806 25497 28559
175.72 19698 183.18 20496 190.65 211.09 19812 219.84 23271  260.68 240.18 270.85 247.65 27820 25512 28576
175.87 19714 18334 20515 190.80 21123 19827 219.99 23287  260.81 24033 27097 247.80 27835 25527 28593
176.02  197.30 18349 20532 190.96 211.39 19842 220.14 233.02 26094 24049 27107 247.95 27848 25542 286.10
17617  197.46 18364 20550 19111 21154 19858 220.30 23317 26105 24064 27118 24811 27862 25557 286.26
17633 19761 18379 20567 19126 21171 19873 220.47 23332 26116 24079 27128 24826 27875 25573 286.42
17648  197.77 18395 20584 19141 211.88 19888 220.64 23348 26126 24094 27138 24841 27888 25588 28658
176.63  197.93 18410 20601 19157 212.06 199.03 220.81 23363  261.36 24110 27148 24856 279.01 25603 286.73
176.78 19808 18425 20617 19172 21225 199.19 221.00 23378 26146 24125 27158 24872 27913 25618 286.88
176.94 19823 18440 20633 191.87 21245 19934 22118 23393 26155 24140 27167 24887 27925 25634 287.02

234.09 261.63 24155 27177 249.02 279.38 25649 287.17

234.24 261.72 24171 27187 24917 27950 256.64 287.31

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B 53030 26180 24186 27197 24933 27962 98679 28745
(mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed) 23454  261.89 24201 27207 24948 27975 25695 287.58
23470 26197 24216 27217 249.63 279.87 257.10 287.72

19949 22137 20696 23007 21443 23853 221.89 246.84 234.85 26205 24232 27227 24978 27999 25725 287.85
199.64 22157 20711 23022 21458 23871 22205 246.97 23500 26214 24247 27238 24994 28011 25740 287.98
199.80 22177 20726 23038 21473 23888 22220 247.10 23515 26223 24262 27249 25000 28024 25756 288.11
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Table 3 (continued).

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B
(mbsf) (rmcd)  (mbsf)  (rmed)  (mbsf)  (rmcd)  (mbsf)  (rmcd)

23531 26232 24277 27260 250.24 28037 257.71 288.24
235.46 26241 24293 27272 25039 28050 257.86 288.36
235.61 26251 24308 27285 25055 280.63 258.01 288.49
235.76 26261 24323 27297 250.70 280.76 258.17  288.62
235.92 26273 24338 27311 250.85 280.89 25832 288.74
236.07 26285 24354 27325 251.00 281.03 25847 288.86
236.22 26297 24369 27340 25116 28117 258.62 288.99
236.37 26312 24384 27355 251.31 28132 25878 289.11
236.52 26328 24399 27372 25146 28147 25893 289.24
236.68 26346 24414 27389 25161 281.62 259.08 289.36

926Blog 926B 926Blog 926B 926Blog 926B 926Blog 926B
(mbsf) (rmed)  (mbsf)  (rmed)  (mbsf)  (rmed)  (mbsf)  (rmcd)

25023 28949 26670 297.41 27417 304.80
25038 28961 266.85 29754 27432 304.92
25054  289.74 26700 297.67 27447 305.03
25069  289.87 267.16 297.80 27462 305.14
250.84 29000 26731 297.92 27478 30525
25099 29013 26746 298.04 27493 305.35
260.15 29027 267.61 29817 27508 305.46
260.30 29040 267.77 29829 27523 30556
26045 29054 267.92 29841 27539 305.65
260.60 29068 26807 29853 27554 305.75 50.0 ‘ ‘ ‘ ‘
26076 ~ 290.82 26822 29865 27569 305.85

926B Log Natural Gamma depth (rmcd)

26091 29096 26838 29877 27584 30594 50.00 100.0 150.0 200.0 250.0 300.0
26106 29111 26853 29889 27600 306.03

26121 29126 26868 29902 27615 306.12 926B log Natural Gamma depth (mbsf)

26137 29141 26883 299.15 27630 306.21 , , _ ) _
261.52 20150 26929 20954 276.76 306.49 Figure 11. Mapping function relating Hole 926B log mbsf depths to Site 926
26198 20206 26044 299.68 rmed depths.

262.13 29222 269.60 299.82
262.28 29239 269.75  299.96
262.43 29257 269.90 300.11
262.59 292,75 270.05 300.27
262.74 29293 27021 300.43
262.89 29311 27036 300.59
263.04 29330 27051 300.76
263.19 29349 270.66 300.94
263.35 293.68 270.81 301.12
263.50 293.87 27097 301.30
263.65 29406 27112 301.49
263.80 29426 27127 301.68
263.96 29445 27142 301.88
264.11 29464 27158 302.07
264.26 29483 27173 302.26
264.41 29502 271.88 302.46
264.57 29520 27203 302.65
264.72 29539 27219 302.84
264.87 29557 27234 303.02
265.02 29575 27249 303.20
265.18 29592 27264 30337
265.33 296.09 27280 30354
265.48 296.25 27295 303.70
265.63 29641 27310 303.86
265.79 296.57 27325 304.01
265.94 296.72 27341 304.15
266.09 296.86 27356 304.29
266.24 297.01 27371 304.43
266.40 297.15 27386 304.56
266.55 29728 27402 304.68
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Figure 12. Site 926 NGT log natural gamma activity (dashed line) compared to Site 926 core natural gamma activity (solid line).
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Figure 13. Power spectra of Site 926 NGT log (dashed line) and Site 926 core natural gamma activity (solid line). Spectrawere calculated using 600 lags of the
auto-covariance function for the time period from 1.8 to 14 Ma. Freguencies out to 25 k.y. were calculated. Coherence between the log and core data over the
same interval, calculated from the cross-spectrum of the data. Horizontal line marks the significant level for nonzero coherence. Gain of the logging natural
gamma variations over the core natural gamma variations. Gain values greater than 1.0 indicate log amplification relative to the core.
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