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ABSTRACT

The first well logs collected below the Antarctic circle were obtained during Leg 113 at Site 693 on the Dronning 
Maud Land Margin (Antarctica) in the Weddell Sea. Gamma-ray, resistivity, and sonic logs were collected between 
108.0 and 439.0 mbsf. The downhole logs show good agreement with the data collected from cores and provide a con
tinuous measurement of the sedimentary record. These continuous log records show that the rather uniform Tertiary li- 
thology seen in cores is characterized by high-frequency variability in the log data. Several thin hard streaks are identi
fied, the largest of which coincides with a major Miocene hiatus. Associated with this hiatus is a change to lower illite 
content (and correspondingly lower gamma-ray counts) and to a significant increase in diatom content.

Spectral analysis of the logs was performed on the lower Pliocene through upper Oligocene interval (108.0-343.0 
mbsf). Between 108.0 and 245.0 mbsf, average sedimentation rates (50 and 26 m/m.y.) are high enough to show that 
variance is present in the orbital eccentricity ( -9 5  k.y.) and obliquity (-4 1  k.y.) bands. Between 253.0 and 343.0 mbsf, 
the sedimentation rate (8 m/m.y.) is too low to resolve high frequency variations. The Milankovitch frequencies are best 
developed in the resistivity logs. Resistivity is responding to changes in porosity, which in these sediments is controlled 
by the abundance of biosiliceous sediments, particularly diatoms. The orbital forcing suggested by the Milankovitch 
frequencies may be influencing diatom productivity by inducing oscillations in upwelling, ice coverage, pack ice, and/or 
polynya. Although variations in diatom abundance were observed in the cores, they were not attributed to a Mi
lankovitch signal, and therefore in this environment, downhole logs are an important contribution to the detection and 
understanding of orbitally influenced changes in sedimentation.

IN T R O D U C T IO N

O D P Site 693 lies in 2359 m o f  water on a  mid-slope bench on 
the main northwest-facing slope o f  the D ronning M aud Land 
m argin (A ntarctica) in the Weddell Sea (Fig. 1). Two holes were 
drilled to obtain inform ation abou t the evolution o f  the A n tarc
tic continental clim ate through the Cenozoic. H ole 693A was 
rotary cored to  483.9 mbsf. H ole 693B was cored with the ex
tended core barrel (XCB) from  233.8 to 262.7 m bsf and  from 
287.2 to 402.9 m bsf; between 262.8 and 287.1 mbsf, the hole 
was cored with the advanced hydraulic p iston corer (A PC ). Re
covery ranged from  0%  to 100% (Fig. 2).

In H ole 693A, one logging run  was m ade between 108.0 and
439.0 m bsf with the seismic stratigraphic too l string, which 
measures traveltime (borehole com pensated sonic tool), relative 
abundance o f  sand and coarse silt and  clay (gam m a ray), resis
tivity (dual induction), and hole conditions (caliper). Travel- 
times are expressed by two curves: D T (2 .4-3 .0  m spacing), and 
the D TL (3.0-3.7 m spacing), which has the deeper investiga
tion o f the two. Velocity, calculated by taking the reciprocal o f 
interval traveltim e, is dependent upon  both  lithology and  poros
ity. Resistivity logs express the resistivity o f  the form ation at two 
different depths o f  penetration and respond prim arily  to  po ros
ity variations. The gam m a-ray curve provides a qualitative eval
uation o f  clay or shale content because radioactive elem ents 
tend to concentrate in shales and clay.

In this study, log patterns in the interval between 108.0 and
397.8 m bsf (lower Pliocene to  m iddle lower O ligocene) are inter
preted from  the standpoints o f  sedim entological variations, and 
o f  cyclic changes which may correspond to  M ilankovitch fre
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quencies a ttribu ted  to  orb ita l forcing. Below 397.8 m bsf, in the 
lower Cretaceous sedim ents, the age control is too  poor to es
tablish any sedim entation rates and  therefore determ ine cyclic 
changes.

The log data  are com pared and  contrasted w ith core d a ta , to  
obtain a synthesis o f  bo th . Log da ta  are recorded every 15 cm, 
giving a sam ple spacing o f  6.56 sam ples/m . Average core recov
ery for this interval was 40% . Exact ( < 5  m) depth  correlation 
between the logs and cores is no t feasible because o f  possible 
logging cable stretch, and because it is difficult to  determ ine 
where w ithin the cored interval the recovered sedim ent lies.

L IT H O S T R A T IG R A P H IC  O V ER V IEW
The logged interval discussed in this paper (108.0-397.8 mbsf) 

encom passes three lithologic units and three subunits (Fig. 2; 
Shipboard Scientific Party, 1988b). L ithologic U nit III (31.4
325.8 m bsf) consists dom inantly  o f  clay and  silt, w ith diatom  
abundance ranging from  10% to 65% . It has been divided into 
three subunits on the basis o f  variations in nannofossil and dia
tom abundance observed on sm ear slides.

Subunit 1IIA, 31.4-243.9 m bsf, consists o f  d iatom  m ud and 
diatom  clay with m inor occurrences o f  diatom  ooze and  silico- 
flagellate-bearing diatom  m ud (classification scheme is described 
in Shipboard Scientific Party, 1988a). The clay m inerals are 
dom inated by illite and  sm ectite, until about 165.0 mbsf. Be
tween 165.0 and 260.0 mbsf, illite is dom inant w ith chlorite and 
kaolinite and very m inor sm ectite (Robert and M aillot, this vol
ume). W ithin the terrigenous com ponent there is a m inor in
crease in silt-size particles downcore. Core recovery within this 
interval was poor (Fig. 2).

The observed sand com ponent consists o f  unsorted  grains 
from the top  o f  the hole until 150.0 mbsf. Between approxi
mately 150.0 and 243.9 m bsf there is a  gradual transition  to  sed
im ents tha t contain a  w ell-sorted, very fine sand m ode w ith a 
coarse tail. D ropstones o f  millim eter size and larger occur irreg
ularly th roughout the unit. The unit ranges in age from early 
Pliocene to  late M iocene, with no detected hiatuses.
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Figure 1. Site location map for Site 693 (from Shipboard Scientific Party, 1988b). Contours are in uncorrected meters.

Subunit 111B, 243.9-255.1 mbsf, is distinct in an otherw ise 
relatively hom ogeneous unit because o f  the presence o f  nanno- 
fossils, accom panied by a decrease in the terrigenous com po
nent.

Subunit 11IC, 255.1-325.8 m bsf, was cored with bo th  the ex
tended and rotary core barrels. Despite th is, both  core quality 
and recovery were generally poor. T he sedim ents are sim ilar to 
those o f  Subunit III A; i.e ., d iatom  m ud, clay, and ooze. Illite is 
the dom inant clay m ineral. The percentage o f  sand rem ains 
constant, but the clay content increases gradually dow nhole at 
the expense o f the silt com ponent. Sand layers, w ith sharp  basal 
contacts and diffuse tops, were recovered between 268.4 and
276.0 m bsf and at 279.0 mbsf. D ropstones are com m on. The 
unit ranges in age from early M iocene to late O ligocene. The 
lower M iocene section contains a h iatus at 262 m bsf which 
spans about 7 m.y. over the lower upper and m iddle M iocene.

Lithologic U nit IV, 325.8-345.1 m bsf, contains both  calcare
ous and siliceous biogenic, centim eter-thick cycles, interbedded 
with dom inantly  terrigenous sedim ents. T he cycles can be iden
tified on the basis o f  color since the d iatom -rich sedim ents are 
darker than  the nannofossil-rich sedim ents. The m ost developed 
carbonate layer is present in Core 113-693A-36R, 0 -10  cm (331 
mbsf), where sm ear slide data  indicate 85%  nannofossils. The 
terrigenous com ponent (both  clay and  sand) increases dow n
hole. D ropstones, m illim eters across, are present but rare. Both 
core recovery and quality  are generally m oderate.

L ithologic U nit V, 345.1-397.8 m bsf, consists o f  diatom a- 
ceous m ud and silt th a t has been thickened and  deform ed by 
slumping. The entire interval is w ithin a  single, very short d ia
tom  zone. Reworked Tertiary, M esozoic, and  Paleozoic pollen 
are found in the lowerm ost few m eters o f  the unit (Shipboard 
Scientific Party, 1988b). N ear the base o f  the unit at 388.0
393.0 m bsf is a bed identifiable on the logs as very high in p o 
rosity and slightly reduced in clay content. This bed is likely to 
be a clayey diatom ite; because o f  its low strength it may well 
have been the layer on which slum p failure occurred.

Capping the inferred d iatom ite is a  19 m interval tha t is re
m arkably sim ilar in gam m a-ray character to  the 19 m interval 
that overlies it (Fig. 3). Possibly the interval 368.0-351.0 m bsf is 
a repeat section tha t has slum ped on to  the 387.0-368.0 m bsf

section. If  so, the lower interval could be largely in place; how 
ever, it did not escape som e slum p-related disturbance, because 
disturbed bedding is evident in cores th roughout the unit. The 
speculative repeat section is not readily testable from  the limited 
core recovery.

L O G  A N A L Y S IS  

P o ro s ity  a n d  V elocity

The m edium -induction resistivity log from  Site 693 has been 
converted to  a log o f apparent porosity (Shipboard Scientific 
Party, 1988b), based on the m ethod o f  Doveton (1986). The 
conversion assumes that the sedim ents contain  no clay minerals, 
an assum ption tha t is certainly invalid at Site 693. However, the 
sediments recovered at this site exhibit porosities well over 50% 
(Fig. 4); therefore, this assum ption leads to  only a slight overes
tim ation  o f  porosity (Jarrard  et a l., in press).

C om paction is expected to  cause a decrease in porosity and 
increase in velocity with depth at Site 693. These changes are ev
ident in both laboratory and  log m easurem ents o f  porosity (Fig. 
4) and velocity (Fig. 5). However, as discussed below, only the 
log m easurem ents o f  velocity are considered to  reflect accurately 
the com paction at Site 693.

Figure 4 com pares porosities calculated from  the resistivity 
log to  those determ ined by laboratory  m easurem ents on discrete 
sam ples. The laboratory porosity m easurem ents on  ro tary  sam 
ples from  between 110.0 and 150.0 m bsf are 8-25 porosity units 
higher than  porosities determ ined from the resistivity log. The 
poor correlation is a ttribu ted  to  the alm ost com plete rem olding 
o f  the rotary cored sedim ents. Below 150.0 m bsf the correlation 
improves bu t is still variable. Below 180 m bsf, sedim ents are 
sufficiently com pacted to resist the d isturbing effects o f  rotary 
coring, and core porosity shows a system atic com paction-re
lated decrease with depth. The correlation between data  sets is 
very good in the less d isturbed XCB cores (234.0-403.1 m bsf, 
Fig. 4).

Even in the “ und istu rbed” cores below 180.0 mbsf, core 
measurem ents are likely to  overestim ate porosity by 2 -4  porosity 
units because o f  rebound, the expansion th a t the core undergoes 
when removed from in s itu  pressures (H am ilton , 1976). This ef-
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Figure 2. Core recovery, lithostratigraphic units, age, and well logs for Site 693, 100.0-435.0 mbsf. Hole 6893A was cored with the rotary 
corer (RCB), and Hole 693B was cored with both the advanced hydraulic piston corer (APC) and the extended core barrel (XCB).
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Figure 3. Comparison of gamma-ray changes over two portions of an interval with slump structures, showing a possible repeat section.

feet is too subtle to  degrade the correlation observed in Figure 4 
between laboratory and log porosities. In the interval under 
consideration (108.0-397.8 mbsf), the log porosities exhibit vir
tually no evidence o f  a com paction trend, in contrast to  the evi
dence from both core porosities and log velocities. This discrep
ancy is caused by the assum ption o f  constant form ation-w ater 
resistivity, implicit in the calculation o f  porosity  from  resistivity. 
Increased tem perature with increasing depth  causes a decrease 
in form ation-w ater resistivity, obscuring the effect o f  com pac
tion on m easured resistivity (Jarrard  et a l., in press). U nfo rtu 
nately, tem peratures near the borehole are d isturbed by drilling 
and are difficult to predict.

Sonic log velocities range from abou t 1.4 k m /s  to  1.8 k m /s  
between 108.0 and  343.0 m bsf, showing generally very low am 
plitudes. A com parison o f  laboratory and log com pressional 
wave velocities is also ham pered by coring d isturbance (Fig. 5). 
The laboratory sam ples did not exceed the velocity o f  w ater un 
til Core 113-693B-3X (240.0 mbsf)- Log-derived velocities are 
50-150 m /s  higher than  those from the laboratory  m easure
m ents. We consider the log velocities to  be accurate, based on 
consistency o f  replicate m easurem ents and  on the m atch be
tween a  log-based synthetic seismogram and the seismic section

across the site (Shipboard Scientific Party, 1988b). Rebound 
causes the laboratory  velocity m easurem ents to  be lower than 
log m easurem ents. The effect o f  rebound is m uch higher on ve
locity than on porosity because o f  reduction in dynam ic rigidity 
(H am ilton , 1979; Fulthorpe et a l., 1989).

Both laboratory and log porosities for Site 693 are generally 
5-10 porosity units higher than the average porosity/depth trend 
for terrigenous sediments (H am ilton , 1976). Moreover, the log 
velocities are about 0.1 k m /s slower than  the average velocity/ 
depth trend for terrigenous sedim ents (H am ilton , 1979). In both 
cases, the difference is likely to  be attribu tab le  to  substantial 
diatom  content o f  the sedim ents at Site 693. Because o f  high in- 
tragranular porosity, even a m odest diatom  content causes a 
substantial increase in porosity and  decrease in velocity (e.g., 
Jarrard  et a l., in press).

Superim posed on the broad-scale com paction-related trends 
in porosity and velocity are small-scale fluctuations. These fluc
tuations are barely visible on large-scale plots such as Figure 2, 
but they are quite evident on expanded-scale plots such as Fig
ure 6. Exam ination o f  ftiterlog relationships over short intervals 
can reveal the geologic cause o f  these sm all-scale fluctuations. 
In a subsequent section we will consider the possibility tha t

G am m a ray (A P I)  

3 60
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Porosity (XI

Figure 4. Comparison of porosity measurements from discrete samples 
(closed circles: rotary cored samples from Hole 693A, and triangles: 
XCB cored samples from Hole 693B) with porosities determined from 
the resistivity log (open circles)(from Shipboard Scientific Party, 1988b).

P - w a v e  v e lo c i ty  (m /s )

Figure 5. Comparison of laboratory determined compressional wave ve
locity (closed circles = RCB samples from Hole 693A; triangles = 
XCB samples from Hole 693B; all measurements made on the Hamilton 
Frame) with downhole logging velocities (open circles). Although the 
absolute values are different, both types of measurements display simi
lar trends (from Shipboard Scientific Party, 1988b).

these fluctuations have M ilankovitch periodicities with pale- 
oceanographic im plications.

As seen in the log interval o f  Figure 6, sm all-scale fluctua
tions in resistivity and velocity are correlated. By calculating the 
correlation coefficient between the sonic and shallow-focused 
resistivity logs over short 10-m intervals (Fig. 7), we see that this 
correlation is not confined to the interval o f  Figure 6 but ex
tends th roughout the logged interval. Such a  correlation con
firms that velocity and resistivity fluctuations at Site 693, like 
those in alm ost all high-porosity sedim ents, prim arily  reflect 
porosity fluctuations. Indeed, the correlation is usually much 
higher than  in the shallowest logged interval o f  Figure 7, be
cause velocity is relatively insensitive to  porosity  at extremely 
high porosities (Raymer et a l., 1980).
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Figure 6. Plots of gamma-ray, resistivity, and sonic logs for the depth in
terval 108.0-172.0 mbsf, with scales expanded to show the small-scale 
cyclicity of all three logs.

The two com ponents tha t have the m ost dram atic effect on 
porosity are clay minerals and  diatom s. Both are present at Site 
693, and we have aiready inferred tha t d iatom s influence the 
com paction trends at the site. We can estim ate w hether diatom  
o r clay content has the greater im pact on the porosity  fluctua
tions at this site by examining correlation coefficients o f  gamm a- 
ray logs with resistivity and  sonic logs. If  clay fluctuations are 
dom inant, one expects gam m a-ray peaks (high clay content) to 
correlate with resistivity troughs and  sonic peaks (high poros
ity). In con trast, if  diatom  fluctuations are dom inan t, one ex
pects the opposite correlation, because d iatom s will dilute clay 
content and therefore reduce gam m a-ray counts.

At Site 693 gam m a ray is positively correlated w ith resistivity 
and inversely correlated with sonic (Fig. 7) th roughout the inter
val 108.0-261.0 mbsf, indicating tha t d iatom  abundance fluctu
ations control the variations in all three logs. Below 261.0 m bsf 
the correlation is much m ore variable, and  it is likely tha t in d if
ferent intervals either d iatom  or clay-content fluctuations may 
locally dom inate small-scale log responses.

H a rd  L ayers

At least six velocity spikes are evident on the sonic log o f  Fig
ure 2, at 148.0, 191.5, 261.0-263.5, 284.3-285.8, 322.0, and
368.5 mbsf. These th in  layers with very high velocity are con
firmed to  be real by their presence on bo th  sonic traveltim e logs 
and , in five cases, on the resistivity logs (Fig. 8). A m plitudes o f 
these “ hard streaks” are lower on the resistivity logs than  on  the

sonic logs because o f  lower vertical resolution in the former. In 
general, the thicker hard streaks have higher velocity and  resis
tivity log responses than  do th inner ones, because o f  the thin- 
bed effect o f  vertical resolution.

The hard streaks may be caused by highly cem ented or drop- 
stone-rich horizons; they were no t recovered in cores. They show 
no consistent correlation w ith gam m a-ray variations (Fig. 8), 
though the com position o f  m ost o f  the dropstones analyzed 
from  Site 693 (Shipboard Scientific Party, 1988b) would suggest 
high potassium  concentrations and  therefore high gam m a-ray 
values. There is no evidence o f  a  sudden porosity  increase (resis
tivity decrease and sonic traveltim e increase) beneath the hard  
streaks as would occur if cem ented, laterally continuous hard 
streaks acted as a perm eability barrier to  the expulsion o f  inter
stitial water. Indeed, a porosity decrease is som etim es evident 
(Fig. 8), possibly indicating a sudden com paction  increase asso
ciated with eroded missing section. The thickest o f  these hard 
streaks occurs at 261.0-263.5 m bsf and corresponds to  a m ajor 
m icropaleontological unconform ity (Shipboard Scientific Party, 
1988b). It is possible that the other hard streaks also indicate un 
conformities o r condensed sections, marked by either increased 
dropstone occurrence or diagenesis at the seafloor. However, the 
age data  for Site 693 (Shipboard Scientific Party, 1988b) lack 
the precision to  either confirm  or reject this possibility. Lacking 
further constraints, the hard streaks rem ain an enigm a. The ve
locity spikes can have a  d isproportionately  large effect on spec
tral analysis and therefore were replaced by a constant value 
prio r to  spectral analysis.

S p e c tra l A n a ly s is  T ech n iq u es

Small-scale cyclicity is pervasive in all three log types from 
Site 693. A lthough no t apparen t at the scale o f  depth  plots en
com passing the entire logged interval (Fig. 2), this cyclicity is ev
ident on expanded plots o f  short intervals (e.g ., Fig. 6). W hen 
more than  one frequency is present in a tim e series such as these 
log /dep th  p lots, spectral analysis is often  superior to  a  tim e se
ries plot for identification o f  the relative strengths o f  different 
frequencies. Therefore the log data  were converted from  the 
depth dom ain to  the frequency dom ain via spectral analysis.

P rio r to spectral analysis a  first-degree regression trend was 
removed from each 256-point log interval, and the log interval 
was standardized. This step elim inates the zero-order term , as
sociated with the non-zero m ean o f  the log d a ta , which would 
otherwise dom inate the am plitude spectrum . It also reduces the 
effect o f  gradual trends such as com paction on the spectra. 
S tandardization assures num erical stability in the calculation 
and causes the vertical axis o f  each spectrum  to be percent o f 
total variance. A H anning filter was applied to  each spectrum . 
The sam ple spacing is sm aller than  the vertical resolution o f  the 
logs. This may induce a  slight spectral con tam ination  at fre
quencies near the Nyquist frequency, well beyond the frequen
cies o f  interest here.

Reconnaissance spectral analysis was perform ed on the resis
tivity and sonic logs in two separate depth  intervals: 108.0
245.0 m bsf (Fig. 9) and 261.0-337.0 m bsf (Fig. 10). Spectral 
analysis was not attem pted on the gam m a-ray curve because o f 
the lower signal-to-noise ratio  o f  this log com pared to the sonic 
and  resistivity. The break between the two intervals chosen cor
responds to  a distinct change in the gam m a-ray baseline and 
spikes in velocity and resistivity, associated w ith a m ajo r uncon
form ity and change in sedim entation rates. The lower lim it o f 
the second interval, 337.0 m bsf, was chosen because o f  poor 
control on sedim entation rates on the logged interval below this 
depth . Between 343.0 and  397.0 m bsf, the sedim ents show evi
dence o f  slum ping, scouring, a n d /o r  current w innowing, which 
would obscure cyclic sedim entary patterns. Below 397.8 mbsf, 
in the lower Cretaceous sedim ents, the age contro l is too poor to
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Figure 7. Correlation coefficients between gamma ray, resistivity, and sonic logs, calculated for 10-m intervals. Note the consistent inverse correlation 
between sonic and resistivity, attributed to porosity control on both logs. Note also the correlation between gamma-ray and these two porosity-sensi
tive logs, attributed to diatom variations as a control of porosity fluctuations.

establish any sedim entation rates. Possible im plications o f  the 
cyclicities evident in Figures 9 and 10 are discussed in subse
quent sections.

M ila n k o v itc h  C y c les  a n d  L o g s

C hanges in the ea rth ’s orb ita l param eters control im portan t 
cyclic variations in global and regional climate and  in oceano
graphic processes (Hays et a l., 1976). The spectral analyses o f 
this study were undertaken to  see if  frequency variations in the 
well logs o f early Pliocene through late O ligocene age collected 
at O D P Site 693 reflect the influence o f  changes in the e a rth ’s 
orbital param eters, and which features o f  the sedim ent colum n 
(e.g., lithology, velocity, porosity) were the m ost affected. A l
though the “ Milankovitch periods” o f  precession (19,000-23,000 
yr), obliquity (41,000 yr), and eccentricity (95,000-123,000 and
413,000 yr) are m ost com m only described in Pleistocene deep- 
sea sediments (e.g ., Hays et a l., 1976; Im brie et a l., 1984; Rud- 
dim an et a l., 1986), they have also been observed in a wide vari
ety o f sedim entary sequences o f  m any different ages. For exam
ple, they have been observed in Cretaceous chalk/shale sequences 
(A rthur et a l., 1984; Fisher and Schwarzacher, 1984) and Triassic 
lake sediments (Olsen, 1986), and thus the climatic influence does 
not appear to be restricted to either the deep-sea o r to the Pleisto
cene. The Pleistocene bias is a  com bination o f  very strong gla
cial/interglacial clim atic fluctuations, o f  high-resolution dating, 
and o f  availability and ages o f  deep-sea piston cores.

In pelagic deep-sea sedim ents <5I80  o f  biogenic carbonate  (an 
indicator o f  ice volum e and  paleotem perature) and calcium  car
bonate concentration (an indicator o f  the balance between pa- 
leoproductivity, d issolution, a n d /o r  d ilution by o ther com po
nents) are the param eters most comm only measured to detect Mi
lankovitch frequencies. Sedim entary responses to  Milankovitch 
forcing, however, are detectable in a  wide variety o f  param eters 
which are com m only m easured (Fig. 11). Sedim entary responses 
can be expected to  differ as a function o f  tim e a t one location 
and between regions receiving different sedim ent supplies. For 
example, cycles o f  surface tem perature or upwelling may cause 
variations in one o r m ore biogenic com ponents in  one region,

while arid ity /hum id ity  cycles o r variations in bottom -current 
strength or ice-rafted m aterial may cause detectable fluctuations 
in clay mineralogy or clay abundance in ano ther region. Thus 
consideration o f  both  m ineralogical and porosity  fluctuations is 
necessary for a comprehensive analysis o f  M ilankovitch cycles 
in any sedim entary sequence.

D ownhole geophysical logs can be used to  detect periodic 
changes in mineralogy (gamma-ray log), porosity (resistivity log), 
and velocity (sonic log) associated w ith orb ita l changes (Fisher, 
1986). Downhole logs have four principal advantages over core 
analyses for the detection o f  M ilankovitch frequencies. F irst, 
log m easurem ents are continuous and are independent o f  core 
recovery. In general, O D P core recovery decreases from  around 
94%  in the upper 150 m o f  the sedim ent colum n to 50% -60%  
below 200 mbsf, provided tha t no “ d ifficu lt” sedim ents such as 
sand or shallow-water carbonates are encountered. This poor 
recovery limits the detection o f  M ilankovitch cycles in pre-Pleis
tocene O D P cores and creates uncertain ty  abou t the original 
depths o f  the recovered m aterial. In add ition , in som e cores the 
sediments are com pletely hom ogenized by coring (rotary coring) 
while in others, up to  50% o f  the core consists o f  drilling slurry 
interbedded with small biscuits (extended core barrel). Second, 
alm ost any significant periodic change in porosity and m ineral
ogy is detectable w ith the variety o f  geochem ical and  physical 
properties m easured (Fig. 11), provided tha t sedim entation rates 
are high enough to allow resolution o f  the cycles by the logging 
tools. T hird, logging is much faster than  discrete core analyses. 
A nd, fourth , identification o f  cycles in sedim entary m aterial 
com m only depends on there being a distinct lithologic expres
sion (e.g., color changes) and the cycles occurring within one 
core length (i.e ., not m ore than  10 m).

Problem s, however, are also encountered w ith the detection 
o f  M ilankovitch frequencies in dow nhole logs. Som e o f  these 
problems are the sam e as for cores. For example, good age con
trol for an accurate conversion from  frequencies in depth  to  
tem poral frequencies is necessary for both  cores and logs. Cy
cles in either cores o r logs can be caused by local sedim entary 
deposition (autocyclic), such as tu rb id ites, as well as regional
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Figure 8. Detail of log variations bracketing six “hard streaks,” or thin, high-velocity, high-resistivity zones.

climatic o r oceanographic (allocyclic) changes. D istinguishing 
the type o f  cyclicity requires the com bined effort o f  studying 
both cores and  logs.

In addition there are problems in distinguishing Milankovitch 
frequencies that are unique to  logs. Vertical resolution is the 
m ajor lim itation, in tha t only cycles w ith wavelengths greater 
than  2 m are detectable, a problem  which becomes particularly  
acute during periods o f  low sedim entation. A second, although 
minor, lim itation is tha t logs m easure the indirect effects o f  cli
m atic change (e.g., porosity and m ineralogical change) rather 
than the direct effects (e.g ., changes in water tem perature).

P o ss ib le  M ila n k o v itc h  P e r io d s  a t  S ite  693

The predicted location o f  specific M ilankovitch frequencies 
on the am plitude spectrum  is determ ined by:

[window length (m )/sed im entation  rate (m /m .y .)]/o rb ita l 
frequency = predicted frequency (1.1)

where the window length is a  depth  interval 2n sam ples long, 
the sedim entation rate is taken from  the published shipboard

sedim entation rate (Shipboard Scientific Party, 1988b), and the 
orbital frequency is one o f  the M ilankovitch frequencies. Sedi
m entation rate estim ates were based on a com bination  o f  bio- 
stratigraphic zonations (particularly diatom  and radiolarian) with 
shipboard m agnetostratigraphy, using the tim escale o f  Berggren 
et al. (1985a and b).

The presence or absence o f  the different predicted peaks is 
variable for the different depth  windows. In part this may be a t
tributed to  the vertical resolution o f  the different logs: 0.46 m 
for the gam m a-ray tool, about 1.2 m for the resistivity tool, and 
0.6 m for the sonic tool (Allen et a l., 1988). These resolutions 
correspond to different critical tem poral resolutions depending 
on the sedim entation rate (Table 1). Average shipboard  sedim en
tation rate estim ates range from  50 m /m .y . to 8 m /m .y .

U n it 1 (1 0 8 .0 -2 4 5 .0  m b sf)

The am plitude spectra for the sonic and  resistivity logs for 
this lower Pliocene to upper M iocene unit are displayed in six 
different 39-m-Iong depth windows (Fig. 8). To avoid ab rup t 
changes, there is a  50% depth overlap between ad jacent win
dows. The presence and resolution o f  peaks are variable am ong
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Figure 9. Resistivity and sonic amplitude spectra for the interval 108.0-245.0 mbsf, shown in six overlapping 39-m intervals. Vertical scale of ampli
tude spectra is percent of total variance. Assuming an average sedimentation rate of 32.2 m/m.y., orbital periods should occur as follows: 41,000 yr at 
29.5; 95,000 yr at 12.8; 125,000 yr at 9.6; and 410,000 yr at 3. Since the positions do not line up perfectly, a dashed line connects an estimate of the 
frequency peak location for each successive interval. The adjusted location of the peaks is used to calculate the derived sedimentation rates given in 
Tables 3 and 4.

the different logs and are no t necessarily com patible. In none o f 
the spectra do am plitude peaks correspond well to  the ship
board average sedim entation rate o f  32 m /m .y. for the interval.

To cope with the problem  o f  uncertain  and variable sedimen
tation  rates w ithin U nit I, we used a three-step procedure. F irst, 
we calculated sedim entation rates between datum  pairs on the 
shipboard age/dep th  curve. The age determ inations are, at best, 
accurate to  ±  0.5 m.y. This sedim entation rate estim ate was 
used to predict locations o f  potential M ilankovitch peaks on the 
spectra. Second, we tentatively assum ed tha t the dom inant peak 
on the resistivity log is a M ilankovitch peak , and we used the 
frequency at which it occurred to  determ ine both  a slightly re
vised sedimentation rate and the revised predicted locations o f the 
o ther Milankovitch frequencies. Third, we determ ined whether

the predicted locations o f  o ther peaks corresponded to  observed 
locations. Only if this third step is successful does one avoid the 
trap  o f  forcing a M ilankovitch in terpretation  on poorly con
strained data .

The first two intervals, 108.0-147.0 m bsf and  128.0-167.0 
m bsf (lower Pliocene), have very sim ilar spectra. Assigning the 
highest peak to  41,000 yr gives a sedim entation rate o f  50 m / 
m.y. and an excellent correlation with the o ther M ilankovitch 
frequencies. Location o f  the M ilankovitch frequency peaks is 
given in Table 2, and the quality  o f  the correlation o f  the M i
lankovitch frequencies w ith m ajo r peaks from  the well-log spec
trum  is given in Tables 3 and 4. A t this sedim entation rate, the
41,000-yr peak should be m arginally identifiable on the resistiv
ity log.
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Figure 10. Resistivity and sonic amplitude spectra for the interval 253.0
331.0 mbsf, shown in three overlapping 39-m intervals. Vertical scale of 
amplitude spectra is percent of total variance. Assuming an average sed
imentation rate of 8 m/m.y., orbital periods should occur as follows: 
125,000 yr at 39 and 410,000 yr at 12. A dashed line indicates the pre
dicted location of the410,000-yr period; note that this period is weak or 
absent (Table 4).

The lowermost three intervals, 166.0-206.0 mbsf, 186.0-225.0 
mbsf, and 206.0-245.0 m bsf, have m uch lower sedim entation 
rates o f abou t 26 m /m .y. according to  the shipboard  sedim enta
tion rate curve. A t these low rates, we would not expect a
41,000-yr signal to be detectable. Instead, the high peak near 15 
(cycles/39 m) would approxim ately correspond to  the 95,000-yr 
cyclicity.

The 147.0-186.0 m bsf interval has a mixed signal. T he dom i
nant peak, at 15 (cycles/39 m), could represent a  41,000-yr cy
clicity if 65 m /m .y. is the sedim entation rate, o r a 95,000-yr cy
clicity if 26 m /m .y. is the sedim entation rate. Since this interval 
is a  com bination o f  a 50 m /m .y . and  a 26 m /m .y . sedim entation 
rate, it is not possible for it to  have a higher sedim entation rate. 
We therefore think that the 26 m /m .y . sedim entation rate is the 
best approxim ation and that som e o f  the adjacent peaks are in
dicative o f  signal mixing. All the peaks are better defined on the 
resistivity frequency spectrum  than on the sonic frequency spec
trum . Since the sonic log is affected by changes in bo th  porosity 
and lithology, the frequency response implies tha t the changes 
in both param eters are not synchronous and are probably  con
trolled by different factors.

U n it 2 (2 5 3 .0 -3 3 1 .0  m b sf)

Shipboard sedim entation rates for this un it are abou t 8 m / 
m.y. At these low rates, only the 410,000-yr peak should be 
identifiable, if  present, on the resistivity spectrum  (Table 1). 
W ith only one peak even potentially detectable, no confirm a
tion is possible tha t any peak represents a  M ilankovitch fre
quency. As expected for such a  low sedim entation rate, no  single 
peak is dom inant.

SEDIMENTOLOGIC AND PALEOCEANOGRAPH1C 
IMPLICATIONS

In this section we will discuss the m ineralogical and  pale- 
oceanographic factors controlling bo th  cyclical and long-term

porosity changes in the logged interval. In these cores, porosity 
variations, usually a ttribu ted  to grain size changes, are instead 
attributed  prim arily  to variations in the abundance o f  biosili- 
ceous sedim ents. Even m inor increases in d iatom  a n d /o r  radio- 
larian content can produce m easurable porosity  increases (Ship
board Scientific Party, 1988b; Jarrard  and A rthur, in press; Bry
ant and Rack, this volume). A lthough lithologic variation in the 
logged interval is minor, it does dom inate  the gam m a-ray re
sponse and cause m uch o f  the observed difference between 
sonic and resistivity logs.

2 6 1 .0 -3 4 8 .0  m b s f  ( la te  O lig o cen e  to  la te  M io cen e)

T he upper O ligocene to  upper M iocene section from  261.0
348.0 m bsf (U nit IV, Subunit IIIC ) appears to  have the lowest 
average sedim entation rate examined in this study (8 m /m .y .) 
and is bracketed by hiatuses. This was a period o f  low to m oder
ate biosiliceous productivity w ith considerable opal d issolution , 
so o ther short duration  hiatuses may also exist (Shipboard Sci
entific Party, 1988b). In addition  to  the m ajo r hard streak at 
261.0-263.5 m bsf tha t m arks the hiatus capping this interval, 
hard streaks are also observed on the logs at 284.3-285.8 and
322.0 mbsf. Included in the interval are m any reworked d ia
tom s, im plying dow nslope tran spo rt. A m ong these dow nslope 
contam inants are benthic d iatom s, suggesting an  ice-free coastal 
environm ent (Shipboard Scientific Party, 1988b).

T he hiatus at 261.0 m bsf m arks the largest C enozoic change 
in gam m a-ray response, a significant drop in the gam m a-ray 
baseline. Clay minerals below 261.0 m bsf consist dom inantly  o f 
illite, with m inor sm ectite and kaolinite, reflecting the predom i
nance o f physical erosion (Shipboard Scientific Party, 1988b). 
Above the unconform ity chlorite and kaolinite are m ore com 
m on than below it. The sudden drop in gam m a ray is probably 
caused prim arily by a decrease in the p roportion  o f  potassium - 
rich illite. The drop may also be partly  due to  a  d rop  in to tal 
clay minerals, a continuation  o f  the trend o f  decreasing clay 
content noted in cores and confirm ed by the gam m a-ray log for 
the interval 290.0-261.0 mbsf.

Sedim entation rates in th is interval were too  low, and proba
bly too in term ittent, to  allow the determ ination  o f  high resolu
tion M ilankovitch frequencies. W ith only the 410,000-yr peak 
potentially detectable and w ith many small peaks rather than  a 
single dom inant peak (Fig. 7), frequency analysis is no t possi
ble.'

1 6 7 .0 -2 6 1 .0  m b s f  (la te  M io cen e  to  early  P lio cen e)

Between 167.0 and 261.0 m bsf (Subunit II1B and part o f  Sub
unit III A), sedimentation rates averaged 26 m /m .y. The gam m a- 
ray log shows this sedim ent to have a lower clay content and to 
be more variable than  the lower interval. The log-derived poros
ity values are also variable, ranging from abou t 55 to  65%  and 
showing two decreasing trends in the intervals 175.0-200.0 m bsf 
and 215.0-235.0 mbsf. The upper decrease in porosity  corre
sponds to  a decrease in d iatom  content. A  decrease is not as ap 
parent in the lower interval, except in its lower p o rtion , which 
term inates in a silty m ud with very low diatom  content. As pre
viously discussed, interlog relationships in the interval 167.0
261.0 m bsf indicate tha t d iatom  fluctuations are responsible for 
most o f the variations on all three logs.

These diatom  fluctuations have a  regular, strong periodicity 
that may correspond to the 95,000-123,000-yr period o f  eccen
tricity. A t sedim entation rates o f  26 m /m .y ., cyclic variations 
less than  92,000 yr long would not be detectable w ith resistivity, 
and therefore only eccentricity could be detected (Table 3). The 
spectra for this interval (Fig. 8) show a strong resistivity peak at
95.000 yr, bu t there are also several ad jacent peaks tha t might be 
equally valid, if  a different sedim entation rate were assum ed. 
Spectra from  the sonic logs do not correspond to  either the ec-
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Figure 11. Flow chart of possible climatic effects on geophysical logs. Climatic fluctuations, whether associated with periodic changes in orbital pa
rameters or with local climate, are likely to cause fluctuations in mineralogy or porosity of deep-sea sediments. If so, then these mineralogic or poros
ity changes are usually detectable in geophysical logs; the affected log depends on the type of mineralogic or porosity change and therefore indirectly 
on the type of climatic change affecting the sediments (from Jarrard and Arthur, in press).

Table 1. Maximum vertical well-log resolution for 
the three types of logs run at Site 693.

Sedimentation Gamma ray Resistivity Sonic
rate 0.46 m res. 1.2 m res. 0.6 m res.

(m/m.y.) (yr) (yr) (yr)

8 120,000 300,000 150,000
26 35,000 92,000 46,000
32 30,000 74,000 37,000
50 18,000 48,000 24,000
98 9,000 24,000 12,000

Table 2. Location of Milankovitch frequency peaks
using assumed sedimentation rates.

Sedimentation
rate3 Milankovitch frequencies (ky)

(m/m.y.) 410 125 95 41 23 19

50 1.9 6.2 8.2 19.0 33.9 41.0
26 3.6 12.0 15.8 36.6 -  -

“ Sedimentation rate determined by assigning highest peak to 
41,000 or 95,000 yr, measuring the frequency at which it 
occurs, and using equation 1.1 to determine sedimenta
tion rate.

b Milankovitch frequency intervals determined with equation 
1.1 using the assigned sedimentation rate.

centricity o r the obliquity peaks. For this interval, the low sedi
mentation rates render this m ethod for determining Milankovitch 
frequencies invalid.

N ear the base o f  this un it, between 243.9 and 253.6 m bsf in 
cores, the carbonate  content increases to 7 % . Because o f  the 
difficulty in exactly correlating well logs and cores, it is no t clear 
where the 130 cm interval o f  m ost carbonate-rich sedim ent lies 
relative to  the logged interval. The strong inverse correlation be
tween gam m a ray and porosity in this zone clearly indicates that 
it is characterized by alternations o f  diatom aceous clay and 
clayey diatom ite, with perhaps the m ost diatom aceous sedi
ments o f  the entire site occurring at 248.0 and 251.0 mbsf. 
Based on core evidence that the m ost nannofossil-rich sedi
ments in this interval are also higher in d iatom s, these two hori
zons are probably rich in nannop lank ton . The interval 244.0
254.0 mbsf, and in particu lar the log-based horizons at 248.0 
and 251.0 mbsf, has the highest carbonate  content recovered in 
the Cenozoic section o f  the core, consisting o f  m oderately to 
well preserved benthic foram inifers and nannofossils. The dom 
inant diatom  within this interval, D en licu lo p sis  d im o rp h a , is as
sociated with cold clim atic conditions elsewhere in A ntarctica 
(L. Burckle, pers. com m .), and  therefore, contrary  to som e in
terpretations (e.g., Corliss and T hunnell, 1983; G robe, 1986), 
this layer is believed to represent an  early late M iocene cooling 
event.

These data  suggest a  general early O ligocene to early M io
cene cooling trend, with increased carbonate  productivity  near
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Table 3. Quality of match between calculated Mi- 
lankovitch frequency peak using sedimentation rates 
given in Table 2, with location of actual peak given in 
Figure 8, for interval 108.0-24S.0 mbsf.

Milankovitch frequency
Depth interval (ky)
(mbsf) 410 95 41 23 19 Log type

108-147 G G M P P Resistivity
(50 m /m .y.) G P P P P Sonic
128-167 G G G G P Resistivity
(50 m/m.y.) M M P M P Sonic
147-186 G G P P P Resistivity
(26 m/m.y.) P P P M P Sonic
167-206 G G P - - Resistivity
(26 m /m .y.) M /P P P - - Sonic
186-225 G P G - - Resistivity
(26 m/m.y.) G P P - - Sonic
206-245 G M /P G - - Resistivity
(56 m/m.y.) G M /P P - - Sonic

a Quality o f interval frequency is determined by the presence 
or absence o f the top or near top o f  an amplitude peak 
within ± 0.5 m.y. o f the predicted frequency. Correla
tion: G = good, M = moderate, P -  poor. Table 2 gives 
the predicted frequency location.

Table 4. Quality of match between calcu
lated Milankovitch frequency peak using 
(he sedimentation rate given in Table 2, 
with the location of the actual peak given 
in Figure 9, for the interval 253.0-331.0 
mbsf.

Milankovitch
frequency

Depth interval (ky)
(mbsf) 410 125 Log type

253-292 G G Gam m a ray
P P Resistivity
P P Sonic

273-312 P M Gam m a ray
G P Resistivity
G P Sonic

292-331 M M Gam m a ray
P M Resistivity
M M /P Sonic

a Quality o f interval frequency is determined by 
the presence o r absence o f the top or near 
top o f an amplitude peak within ±  0.S 
m.y. o f the predicted frequency. Correla
tion: G = good, M =  moderate, P  =  
poor. Table 2 gives the predicted frequency 
location.

the base o f  the unit. The strong cyclicity o f  diatom  fluctuations 
throughout this interval m ay have resulted from  increased up- 
welling and bottom  currents associated w ith clim atic deteriora
tion and probable ice buildup. D uring the Langhian (early m id
dle M iocene) there are two fairly m ajo r sea-level falls (H aq et 
a l., 1987), and these are close to  the tim e o f  the 261.0 m bsf h ia
tus. The hiatus may be correlated w ith the sea-level fluctua
tions, especially if  the fluctuations are caused by the build-up 
and melting o f  A ntarctic ice sheets.

Illite decreases uphole in this interval (167.0-261.0 mbsf) 
while chlorite and kaolinite increase. The chlorite abundances 
in particular may reflect the increased removal o f  chlorite from 
A ntarctica, possibly during a slight deglaciation. A  late M io
cene warming was recorded in the southwest Pacific (Kennett 
and Von der Borch, 1986), and associated increases in chlorite 
were observed on the Falkland P lateau (Robert and M aillot,
1983). However, such increases were slight at Site 689 on the

M aud Rise (Shipboard Scientific Party, 1988b; Robert and M ail
lot, this volume). The sand-sized sediment tends to  be poorly 
sorted and is m ost likely derived from  m elting ice.

These data  suggest tha t, during  the late M iocene to  early P li
ocene, A ntarctica experienced a general cooling, bu t the cooling 
trend lessened in the late M iocene.

1 0 8 .0 -1 6 7 .0  m b s f  (e a r ly  P lio cen e )

The interval from  108.0 to 167.0 m bsf (upper part o f  Sub
unit III A) has the highest sedim entation rate in this study and 
fairly constant log porosity values o f  around  60% . D iatom  per
centages are again fairly constant bu t show gradual variations 
o f  about 30% . These variations are reflected by a consistent 
correlation o f  high-porosity log responses (low resistivity and 
high sonic traveltime) with low clay content (low gam m a ray).

With sedimentation rates o f  only 50 m /m .y ., the high-fre
quency precession period cannot be detected, but both the obli
quity and eccentricity periods are well represented on the resistiv
ity log (Fig. 8, Table 3). The positive correlation o f  these porosity 
changes with Milankovitch frequencies suggests that A ntarctic 
climatic changes in the early Pliocene were influenced by orbital 
forcing.

This interval lies within clay mineral unit C l (Shipboard Scien
tific Party, 1988b; Robert and M aillot, this volume). The smec
tite-rich clay unit suggests removal o f  ancient smectite-rich sedi
ments from the Antarctic continental m argin, which is thought to  
occur during colder periods. The sm ectite percentage varies by 
as much as 30% , usually replaced by illite. N ear Kapp Norve- 
gia, this a lternation  is a ttribu ted  to  warm (sm ectite/m ontm oril- 
lonite poor) and  cold (sm ectite/m ontm orillonite rich) periods, 
suggesting alternating  clim atic conditions. These alternations 
correspond to  productivity  changes w ith higher biogenic silica 
contents occurring during the warmer periods (Grobe, 1986). The 
very large gamma-ray swings (Fig. 6) could be caused by the alter
nation between potassium-rich illite and potassium -poor sm ec
tite. However, the previously m entioned correlation o f  gam m a 
ray with porosity w ould then im ply tha t high diatom  abundance 
is associated with smectite rather than  illite. T hus, variations in 
clay abundance, caused by diatom  dilu tion , are probably caus
ing the gam m a-ray swings, ra ther than  variations in clay com 
position. The sand com ponent is unsorted . U nsorted sand is 
more likely to result from debris flows o r ice rafting than  turbi- 
dite deposition. Since biogenic dow nslope contam ination  was 
not recognized, it is m ore likely th a t the sand originated from 
ice rafting, suggesting that the therm al oscillations (pack ice, 
shelf ice, and  polynya) were occurring within a generally cold 
period.

C O N C L U S IO N S

The sedim ents at Site 693 indicate a  gradual clim atic deterio
ration , punctuated  by m ajo r changes at 261.0 mbsf, the uncon
form ity separating upper and lower M iocene sedim ents. On 
both  sides o f  the unconform ity, logs indicate tha t subtle but de
tectable changes in relative p roportions o f  terrigenous, biosili- 
ceous, and bicarbonate deposition occurred continuously. Be
low this unconform ity, sedim entation rates were low, and no sin
gle com ponent dom inates the lithologic fluctuations. Above the 
unconform ity, sedim entation rates are higher and  diatom  varia
tions dom inate the log responses. The observed diatom  varia
tions could be either prim ary (productivity) o r secondary (disso
lution). Productivity changes are caused by the nu trient supply, 
chiefly influenced by upwelling, which in tu rn  is influenced by 
variations in the extent o f  the ice sheet, the pack ice, and the po
lynya.

The exam ination o f  dow nhole geophysical logs reveals some 
cyclic variation, particularly  in the resistivity log, which records 
porosity. The porosity-sensitive logs from Site 693 follow a read
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ily explicable pattern  o f  increasing usefulness for M ilankovitch 
analysis with decreasing age. For the lower O ligocene interval
400.0-348.0 mbsf, slum ping is pervasive and frequency analysis 
is inappropriate. For the lower O ligocene-low er M iocene inter
val 348.0-261.0 mbsf, sedim entation rates are too  low (about 8 
m /m .y.) and the geologic controls on porosity are too variable 
for spectral analysis to  be m eaningful. For the upper Miocene 
interval 261.0-167.0 mbsf, sedim entation rates o f  about 26 m / 
m.y. are sufficient for detection only o f  eccentricity, and poros
ity has a simple diatom  control. In this interval, a  periodicity 
near to that expected for eccentricity is present. U nfortunately, 
we cannot confirm  tha t the assum ed sedim entation rate is cor
rect by identifying additional M ilankovitch periodicities. For 
the interval 167.0-108.0 m bsf, sedim entation rates are suffi
ciently high for potential detection o f  both  eccentricity and  o b 
liquity. In this interval we see the m ost convincing evidence o f 
M ilankovitch periods in the Site 693 logs, and obliquity  is dom i
nant over eccentricity. The observed cycles may represent a 
gradual change from eccentricity contro l on diatom  abundance 
to  later obliquity control. However, the alternative hypothesis o f 
a sedim entation rate control on our ability to detect obliquity 
appears more likely.

To confidently identify M ilankovitch periods, sedim entation 
rates must be accurate, relatively high, persist over a sufficiently 
long depth interval for spectral analysis to  be done, and have 
been determ ined independent o f  the assum ption that orbitally- 
induced frequencies are present. In this study sedim entation 
rates are determ ined assum ing a fairly constant sedim entation 
rate with no or relatively few hiatuses.

Using the frequency analysis o f  well logs to derive sedim en
tation rates suggests tha t sedim entation rates are variable a n d / 
o r hiatuses are com m on. However, the hint o f  M ilankovitch fre
quencies in the higher sedim entation rate portion  o f  this hole 
suggests tha t this m ethod holds prom ise and  should be pursued 
a t o ther O D P A ntarctic sites.
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