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3. THE RELATIONSHIP BETWEEN SILICA DIAGENESIS, METHANE, AND SEISMIC 
REFLECTIONS ON THE SOUTH ORKNEY MICROCONTINENT1 

Malcolm J. Lonsdale2 

ABSTRACT 

Seismic data acquired over the eastern shelf and margin of the South Orkney microcontinent, Antarctica, have 
shown a high-amplitude reflection lying at a sub-bottom two-way traveltime (TWT) of 0.5-0.8 s. There appear to be 
two causes for the reflection which apply in different parts of the shelf. The more widespread cause of the reflection is a 
break-up unconformity associated with the opening of Jane Basin to the east. This is clearly seen where reflections in 
the underlying sequence are discordant. In contrast, in Eotvos Basin and the southeastern part of Bouguer Basin, the 
high-amplitude reflection in places cuts across bedding and is interpreted to be caused by silica diagenesis. A post-cruise 
analysis of core samples from Site 696 in Eotvos Basin by X-ray diffraction (XRD) and scanning electron microscopy 
(SEM) revealed the presence of a silica diagenetic front at 520-530 mbsf. The position of the unconformity at this site is 
uncertain, but probably coincides with a change of detrital input near 548 mbsf. Fluctuations of physical properties re
lated to the depth of the diagenetic front are difficult to separate from those related to the variation of detrital composi
tion over the same depth interval. Correlation of the drilling record with the seismic record is difficult but with a syn
thetic seismogram it is demonstrated that diagenesis is the probable cause of the high-amplitude reflection. 

In Bouguer Basin at Site 695 the depth of the high-amplitude reflection was not reached by drilling; however, the re
flection is probably also caused by silica diagenesis because of the biogenic silica-rich composition of the sediments 
cored. The estimated temperatures and ages of the sediments at the depths of the high-amplitude reflections at Sites 695 
and 696 compare favorably with similar data from other diagenetic fronts of the world. The high-amplitude reflection 
in Bouguer Basin is commonly of inverse polarity, possibly caused either by interference between reflections from sev
eral closely-spaced reflecting layers, such as chert horizons, or by free gas trapped near the diagenetic front. 

INTRODUCTION 

King and Barker (1988) have studied the southeastern conti
nental shelf and margin of the South Orkney microcontinent 
(Fig. 1) using single-channel seismic reflection profiles and grav
ity and magnetic data. The profiles display two seismic se
quences, S1 and S2, the lower (S2) sometimes absent, overlying 
acoustic basement. The boundary between S1 and S2 is a high-
amplitude reflection. At several places along the profiles, reflec
tions at the top of S2 terminate against the high-amplitude re
flection, hence the causative reflector was interpreted as an un
conformity. This unconformity was considered to be associated 
with an episode of break-up and rifting before the opening of 
Jane Basin (Fig. 1) which Lawver et al. (1985) consider took 
place in the late Oligocene, 25-30 Ma ago. 

Two sedimentary basins, named after Bouguer and Eotvos 
by King and Barker (1988), were distinguished on the eastern 
continental shelf and margin (Fig. 1) using the seismic and grav
ity data. The basins coincide with gravity lows. Basement was 
not seen on the profiles near the basin axes but the horizontal 
extent of the basins was mapped with reference to the prominent 
basement highs which enclose and separate them. ODP Site 695 
lies in the southeastern part of Bouguer Basin, and Site 696 lies 
on the southwestern margin of Eotvos Basin. Sequence S2, 
more than 2.0 s TWT thick in Bouguer Basin and 1.5 s TWT 
thick in Eotvos Basin, thins to 0.1-0.2 s TWT over the interven
ing basement high. Sequence S1 is of almost constant thickness 
at 0.5 to 0.8 s TWT in the basins and over the high. 

Three multichannel seismic reflection profiles were acquired 
in 1985 over the southeastern continental shelf and margin, as a 
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site survey for ODP Leg 113. These profiles show a break-up 
unconformity over most of the continental shelf. However in 
some regions, notably in Bouguer Basin, the high-amplitude re
flection is anomalous, in that it cuts across bedding. This had 
not been seen in the single-channel seismic data because of sig
nal reverberation and a poorer signal-to-noise ratio. 

Anomalous reflections at less than 1 s sub-bottom are seen in 
several continental shelf regions of the world. These reflections 
are interpreted to be either from the base of gas hydrate stability 
zones (e.g., Shipley et al., 1979) or from diagenetic fronts (e.g., 
Hein et al., 1978; Cooper et al., 1987). 

This paper investigates the origin of the high-amplitude re
flections observed on the southeastern South Orkney continen
tal shelf at Sites 695 and 696. 

DRILLING AT SITE 696 
Site 696 (Shipboard Scientific Party, 1988a), at the southern 

margin of Eotvos Basin, was drilled at SP 365 of Multichannel 
seismic profile AMG845-18 (Fig. 1). At the site (Fig. 2), the 
high-amplitude reflection lies centrally within a group of promi
nent reflections spanning an interval of about 0.1 s, centered at 
1.6 s TWT. 

Along the profile, close to Site 696, reflections at the top of 
Sequence S2 terminate against the group of prominent reflec
tions, indicating the presence of an unconformity (see Fig. 2, 
Shipboard Scientific Party, 1988a). The nonparallelism and ta
pering of reflections at the top of Sequence S2 implies toplap at 
the sequence boundary, typical of a nondepositional unconform
ity (Mitchum et al., 1977). From the reflection profile alone, it 
is not clear whether the unconformity corresponds to the high-
amplitude reflection or lies at the time of the lowermost promi
nent reflection, because of interference between adjacent reflec
tions within the group. 

A sharp unconformity boundary is not seen in Hole 696B; 
instead, between 530 and 607 mbsf, a condensed neritic se
quence of poorly dated terrigenous glauconitic sediments sepa-
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Figure 1. Bathymetric map of the southeastern continental shelf of the South Orkney microcontinent (SOM) with the locations of Multichannel seis
mic profiles, AMG845-16 to 18, and Sites 695 and 696. Bouguer and Eotvos Basins (stippled regions) are sedimentary basins identified by King and 
Barker (1988). The boxed lengths along the profiles are where the high-amplitude reflection is observed to increase in sub-bottom depth with increas
ing water depth. The inset map shows the regional location of the SOM; the two large dots on the SOM are the location of Sites 695 and 696. 

Figure 2. Twenty-four-fold seismic profile, AMG845-18, at Site 696 (lo
cation on Fig. 1). S1 and S2, Seismic sequences as defined by King and 
Barker (1988); HAR, high-amplitude reflection; B, acoustic basement. 
Note that from analysis of the drilling data, the HAR may not be from 
the seismic sequence boundary. 

rates marine sediments of Eocene and middle Miocene age. 
Poor recovery and a lack of biostratigraphic control makes the 
exact location of any hiatus of deposition impossible; there may 
be an hiatus at any depth between 530 and 607 mbsf or, alterna
tively, sedimentation may have been slow and continuous through
out. The maximum age range of the condensed sequence, Eo
cene to middle Miocene, is consistent with its association with a 
25-30 Ma opening of Jane Basin. It coincides with a break-up 
unconformity on the shelf. 

At 520-530 mbsf, a major lithologic change was recorded, 
from muddy diatomite and mud-bearing diatomite above to 
sandy mudstone and claystone below (Shipboard Scientific Party, 
1988a). This lithologic boundary may be either depositional or 
of secondary origin related to the diagenesis of biogenic silica. 
The boundary may contribute to the packet of prominent reflec
tions observed at about 1.6 s TWT. 

CORE SAMPLE ANALYSIS 
To investigate silica diagenesis, 16 samples were taken for 

XRD analysis from Cores 113-696B-45R through 113-696B-54R 
(472.5-568.2 mbsf) (Table 1 and Fig. 3) in the vicinity of the 
lithologic boundary. Samples were taken at intervals of 50 cm 
where possible, but core recovery was poor overall. 

Bulk samples were prepared for XRD analysis by grinding 
about 0.5 g of the dried sediment to fine powder and then 
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Table 1. Peak areas and heights for minerals of Hole 696B samples. 

Core, section, 
interval (cm) 

45R-1, 97-99 

46R-1, 34-36 

47R-1, 74-76 

48R-1, 61-63 

48R-2, 98-100 

49R-1, 69-71 

50R-1, 84-86 

50R-2, 34-36 

51R-1, 28-30 

51R-2, 49-51 

53R-1, 19-21 

53R-2, 69-71 

53R-3, 121-123 

53R-5, 67-69 

54R-1, 14-16 

54R-2, 69-71 

Qz 

12 
10 
16 
15 
18 
16 
9 

10 
10 
10 
20 
22 
13 
12 
16 
15 
28 
20 
18 
15 

111 
126 
121 
130 
110 
125 
95 

120 
121 
130 
110 
125 

Pig 

8 
5 

32 
25 
24 
15 
23 
10 
36 
27 
22 
11 
33 
20 

167 
160 
109 
128 
150 
150 
34 
12 
40 
22 
35 
17 
13 
12 
20 
13 
37 
25 

Am 

-

— 
— 
— 

2 
4 

— 
— 
— 

3 
4 

— 
7 

25 
— 
— 
— 
— 
— 

Ol 

-

— 
13 
13 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

A 

255 
17 
95 
11 
80 
11 

210 
15 

195 
13 

180 
13 

135 
11 
43 

7 
— 
— 
— 
— 
— 
— 
— 
— 

CT 

-

— 
— 
— 
— 
— 
— 
— 

170 
25 
2 
1 

22 
12 
3 
2 
6 
5 

210 
33 
11 
5 

165 
28 

Py 

-
6 
6 
5 
7 
5 
6 
4 
7 
5 
4 
3 
4 
4 
5 
9 
7 
2 
1 
5 
7 
7 
6 
5 
7 
8 
6 
9 
9 
5 
5 

Cl 

2 
— 
4 
— 
2 
— 
2 
— 
1 
4 
5 
— 
2 
2 
1 
4 
1 
4 
1 
7 
6 
8 
6 
6 
5 
8 
2 
7 
7 
8 
4 

11 

12 
4 

20 
4 

14 
4 

15 
4 

14 
4 

14 
5 
5 
2 

11 
2 

23 
7 

10 
5 

12 
4 
9 
4 
8 
3 

11 
4 
8 
5 

13 
5 

Ha 

33 
28 
15 
15 
18 
20 
26 
20 
17 
19 
22 
24 
16 
16 
13 
12 
3 
3 
5 
3 

— 
— 
— 
— 
— 
— 

Co 

-

— 
— 
— 
— 
— 
— 
— 
— 
— 
11 
12 
11 
9 
9 
8 
9 
8 

12 
10 
10 
9 

QzO 

100:11 

100:27 

100:19 

100:10 

100:18 

100:24 

100:21 

100:19 

100:35 

100:31 

100:23 

100:22 

100:18 

100:19 

100:22 

100:22 

Note: Units are arbitrary (i.e., chart-paper squares). Peak area and height are shown on the first and 
second line for each sample respectively. Qz = Quartz (20 = 26.7°); Plag = Plagioclase feld
spar (27.8-28.3°); Amp = Amphibole (10.4°); Ol = Olivine (35.6°); Co = Corundum (39.6°); 
A = Opal-A; CT = Opal-CT (21.8°); Py = Pyrite (33.2°); Cl = Chlorite (12.5°); II = Illite 
(8.9°); Ha = Halite (31.7°); —, indicates not present, QzO = ratio of first (20 = 26.7°) and 
second (20.9°) order quartz peak heights. 

spreading it evenly over a slide. Samples were run at 20 angles of 
3°-40°. Approximate proportions of each mineral were calcu
lated by taking the area of the main peak of the mineral as a 
proportion of the summed areas of all the main peaks of each 
identified mineral. No correction factors were applied; even so, 
semi quantitative analysis of the mineral abundances is possible. 
The raw peak areas and heights are given in Table 1 in order that 
these data may be compared with those of similar studies. Fol
lowing this work, several sediment samples were photographed 
by SEM. 

RESULTS 
The minerals identified by XRD were quartz, plagioclase, 

amphibole, olivine, opal-A, opal-CT, pyrite, halite, and the clay 
minerals, chlorite, and illite. The variations in abundance of in
dividual minerals are displayed in Figure 3. Notable downhole 
variations occur in quartz, plagioclase, and opal. Halite is prob
ably a contaminant from seawater. 

Five XRD patterns which summarize the major changes in 
mineralogy downhole are shown in Figure 4. The broad hump 
(18.3°-31.2°) centered on 22.1°, characteristic of opal-A (Jones 
and Segnit, 1971), is observed in Cores 113-696B-45R through 
-50R; it is of similar amplitude in Cores 113-696B-45R through 
-49R, but is greatly reduced in amplitude in Sample 113-696B-
50R-2, 34-36 cm. 

Below Core 113-696B-50R, and especially in Samples 113-
696B-51R-1, 28-30 cm, 113-696B-53R-5, 67-69 cm, and 113-
696B-54R-2, 69-71 cm, the opal-A reflection is replaced by re
flections of varying amplitude centered at around 21.7° and 
35.9° (Fig. 4). These peaks are attributed to opal-CT (Jones and 

Segnit, 1971). A small "shoulder" peak, usually observed on 
the much larger peak at 21.7° and attributed to low tridymite 
(Jones and Segnit, 1971), is hidden by the secondary quartz 
peak which occurs at roughly the same position; however, the 
quartz peak is asymmetric, indicating that low tridymite may be 
present. 

SEM photographs of diatom skeletons display the increasing 
fragmentation of and effect of dissolution on individual frus-
tules with increasing depth. In Cores 113-696B-45R through 
113-696B-49R, complete diatom skeletons are common (Pl. 1, 
Figs. 1 and 2), but below Core 113-696B-50R only sparse skele
tal fragments are observed. 

Lepispheres of opal-CT crystals are found occupying the 
voids and overgrowing the molds of recrystallized diatom tests 
(Pl. 1, Figs. 3 and 4) in Samples 113-696B-51R-2, 49-51 cm, 
113-696B-53R-5, 67-69 cm, and 113-696B-54R-2, 69-71 cm. 
Energy-dispersive X-ray analysis (EDAX) of individual lepispheres 
showed that while their dominant chemical composition is sil
ica, minor quantities of titanium, sodium, and calcium are also 
present. Tridymite twinning, confirming the identification of 
opal-CT, was recognized in the crystals of lepispheres on several 
SEM photographs (Pl. 1, Fig. 3). 

Hence, although isolated chert horizons occur at 357, 463, 
490, and 520 mbsf (Shipboard Scientific Party, 1988a), XRD 
analysis indicates that a significant diagenetic front occurs be
tween 520 and 532 mbsf. At this depth, there is a significant re
duction of opal-A; this is replaced by the sporadic occurrence of 
opal-CT. 

The variation of opal-CT abundance below 532 mbsf (Fig. 3) 
may be explained by migration of silica-rich pore fluids in the 
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Figure 3. Site 696, core recovery, sample location, physical properties, and approximate proportions of minerals sampled for the interval where diage
netic processes are present. Sonic log data are displayed as dots together with P-wave velocities (Hamilton Frame) measured in the laboratory. Core 
numbers are positioned beneath the lengths of recovered core. (Core 53 is not shown). 

sediments over ranges of centimeters to meters (e.g., Heath and 
Moberly, 1971). It is also possible that the lithology (variations 
in the quantity of quartz and plagioclase or type of clay miner
als present in individual horizons) influences the rate and degree 
of silica diagenesis (Kastner et al., 1977). 

At about 522 and 532 mbsf, plagioclase feldspar dominates 
the mineral suite. Quartz replaces feldspar as the dominant min
eral below 549 mbsf. 

The plagioclase is calcium-rich, identified in smear slides by 
the angles of extinction of Carlsbad-Albite twinning in individ-
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4 0 3 0 2 0 1 0 
20 angle (degrees) 

Figure 4. X-ray diffractograms of five samples displaying characteristic opal-A and opal-CT patterns. With increasing depth the opal-A mound disap
pears to be replaced by the narrower, taller opal-CT X-ray reflection. Great abundances of quartz and plagioclase feldspar are displayed in the inter
vening samples. Q = Quartz, P = Pyrite, F = Plagioclase feldspar, Ha = Halite, C = Corundum, CT = Opal-CT, A = Opal-A. 

ual crystals; therefore, it is probably of detrital origin (Kastner quantity of plagioclase above Section 113-696B-50R-2 would 
and Siever, 1979). therefore indicate the cessation of deposition of volcanogenic 

The plagioclase may be volcanogenic, perhaps related to the sediments from Jane Bank, after initial rifting and prior to the 
volcanism of Jane Bank (Barker et al., 1984). The reduction in spreading in Jane Basin. Alternatively, an upward increase of 
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the biosiliceous sedimentation rate would reduce the proportion 
of plagioclase in the deposited sediments if the rate of plagio
clase deposition remained constant. 

The height ratio of the first and second order quartz peaks 
(at 26.7° and 21.9°) lies between 100:11 and 100:35 (Table 1), so 
the quartz is of mixed detrital and diagenetic origin (J. R. Hein, 
pers, comm., 1989). 

Corundum is identified in samples from Cores 113-696B-
53R and -54R, on the basis of four distinct peaks on the X-ray 
diffractogram; this mineral is of detrital origin and may have 
the same provenance as the quartz, since in those cores quartz is 
more abundant. Corundum occurs as an accessory mineral in 
some igneous rocks, as a common primary mineral in some ig
neous rocks such as nepheline-syenites, and by metamorphism 
of shale and limestone. Although corundum has not been re
ported from the South Orkney Islands (e.g., Thomson, 1974), 
the metamorphic rocks present on the islands are potential 
sources. 

PHYSICAL PROPERTIES ASSOCIATED WITH 
DIAGENESIS 

The cementation of sediments that occurs with the opal-A to 
opal-CT transformation causes an increase in both density and 
seismic velocity, producing a downward increase in acoustic im
pedance, such as that observed by Scholl and Creager (1973) in 
Bering Sea sediments of late Miocene age. 

Core recovery at Site 696 was 61% down to 144 mbsf, 43% 
from 473 mbsf to the base of Hole 696B, but only 16% in be
tween. Physical properties measurements are insufficient for the 
calculation of a complete synthetic seismogram, which there
fore prevents a simple, precise correlation of the drilling record 
with the seismic profile. 

In situ downhole physical properties were measured using 
borehole logging, from 605 to 550 mbsf (sonic log data in Fig. 
3), before loss of the logging tool. The average velocity recorded 
by the sonic log was 2190 m/s; major deviations from this value 
were interpreted to be the result of hole diameter variation as re
corded by the caliper log (Shipboard Scientific Party, 1988a). 

Despite these problems, an attempt was made to correlate 
the seismic profile, physical properties, and lithologic record in 
the region of the possible unconformity. A synthetic seismo
gram was generated from shipboard P-wave velocity and satu
rated bulk density measurements on core samples from the low
ermost section of the hole. The input wavelet (inset in Fig. 5) for 
the synthetic seismogram (designed from the seafloor reflection 
of the deconvolved and stacked multichannel seismic data) is 70 
ms in length, and the first major deflection of the wavelet oc
curs 20 ms after the causative impedance contrast. The optimal 
position of the synthetic seismogram on the seismic profile (Fig. 
5) was chosen on the basis of the correlation of the major reflec
tions, although some reflections do not match well, mainly be
cause of poor recovery between 532.3 and 548.9 mbsf. 

The average velocity of the overlying sediments implied by 
this optimal position was 1516 m/s, which compares well with 
the average velocity of 1550 m/s measured on core samples 
aboard ship. Similar low velocities measured on the better-sam
pled sediments at Site 695 were attributed to their high diatom 
concentration (Shipboard Scientific Party, 1988b). Thus if it is 
assumed that the poorly sampled sediments above 470 mbsf at 
Site 696 are also all highly diatomaceous, then the optimal cor
relation of synthetic and observed seismic profiles proposed 
here seems reasonable. 

Constructive interference between reflections from chert ho
rizons between 520 and 530 mbsf (Shipboard Scientific Party, 
1988a) is considered responsible for the high-amplitude reflec
tion on the synthetic seismogram; the optimal correlation posi-

5 0 0 m 

Figure 5. Optimal position of the synthetic seismogram for the lower 
section of Hole 696B using downhole P-wave velocity and density mea
surements. Inset, and at the same scale as the seismic section, is the in
put wavelet designed from the seafloor reflection. 

tions this reflection at 1.60 s TWT to align with the major re
flection of the prominent group of reflections on the seismic 
data (Fig. 5). Other prominent reflections near 1.6 s TWT on 
the profile are not well matched by the synthetic seismogram, an 
indication of the inadequate core recovery and physical proper
ties measurement. 

Measured physical properties are displayed alongside the XRD 
results in Figure 3. The poor core recovery at the depth of the 
diagenetic front (probably between 520 and 532 mbsf), and be
tween 532.3 and 548.9 mbsf, hinders proper correlation of phys
ical property changes with diagenesis. However, a general over
view of physical properties is possible. 

Between 520 and 550 mbsf, P-wave velocity increases from 
an average of around 1800 m/s to 2000 m/s, bulk density in
creases from 1.5 to about 1.9 g/cm3, and porosity decreases 
from 75% to about 44% (Shipboard Scientific Party, 1988a). 

Although the influence of silica diagenesis on physical prop
erties is apparent, it is also possible that varying quantities of 
detrital minerals, such as quartz, plagioclase, and corundum, 
will influence the properties. 

Hence, the prominent reflections at about 1.6 s TWT are in
terpreted to be the combined interference effect of reflections 
from several horizons comprising diagenetically-derived opal-
CT and major variations of the detrital content of the sedi
ments. 

An unconformity could be correlated with one of the altera
tions of detrital input, such as that at 548.9 mbsf where abun
dances of quartz and corundum increase downward; however, 
its reflection would be difficult to correlate with the seismic pro
file because of low recovery and interference with other reflec
tions from near that depth. 

INTERPRETATION OF SEISMIC DATA ACQUIRED 
OVER BOUGUER BASIN NEAR SITE 695 

High-amplitude reflections are also seen on Profile 
AMG845-18 over the southeastern region of Bouguer Basin. Of 
particular interest is the relationship of the high-amplitude re
flection in the vicinity of Site 695 to bedding reflections (Fig. 6). 
Bedding reflections above and beneath the high-amplitude re
flection are generally concordant; however, the high-amplitude 
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695 

HAR 

Figure 6. Twenty-four-fold seismic profile, AMG845-18, at Site 695 (location on Fig. 1). Note that if the HAR is of secondary origin, the boundary 
between Sequences S1 and S2 is not located. Hence, the names S1 and S2 are placed in quotes to signify the incomplete seismic stratigraphic interpre
tation of this section. 

reflection is variably discordant to this bedding and especially, 
between SP 1625 and SP 1700 at 2.4-2.6 s TWT, and SP 1800 
and 1950, at 2.6-2.7 s TWT. Such reflection geometry is evi
dence for secondary geologic processes and not for an uncon
formity boundary as the cause for the high-amplitude reflec
tion. 

It is possible to trace the high-amplitude reflection and over
lying reflections at Site 695 along the profile to Site 696. Only 
the uppermost 370 ms of the section at Site 696 lies above the 
high-amplitude reflection at Site 695. Deeper reflections at Site 
696 appear to cross the high-amplitude reflection on the way to 
Site 695 and, since the high-amplitude reflection is probably 
caused by secondary processes, probably lie beneath it at the 
site. The regional break-up unconformity correlated at Site 696 
with the poorly-dated terrigenous sediments below 530 mbsf 
cannot be clearly seen near Site 695. It should lie well below the 
high-amplitude reflection, but is difficult to identify because of 
the lower amplitude of all reflections beneath the high-ampli
tude reflection. 

It was postulated, prior to drilling, that the high-amplitude 
reflection was either from a diagenetic front or from the base of 
a gas hydrate stability zone. 

Results at Site 695 
Site 695 (Shipboard Scientific Party, 1988b) is situated in the 

southeastern region of Bouguer Basin at SP 1720 of Profile 
AMG845-18 (Fig. 6). 

Drilling at Hole 695A penetrated to 341.1 mbsf, where shear
ing of the XCB corer in the hole prevented drilling to the depth 
of the major reflector, estimated to lie at about 690 mbsf. 

The sediments sampled at Site 695 are rich in biogenic silica, 
and correlate straightforwardly along Profile AMG845-18 with 
the upper part of the drilled section at Site 696. The continued 
high silica content of the deeper sediments at Site 696 suggests 
that the deeper, undrilled part of the section above the major re
flector at Site 695 is also highly siliceous. It is therefore reason
able that the major reflector at Site 695 should result from silica 
diagenesis. 

Hein et al. (1978) reviewed the temperature-age relationship 
for the transformation of opal-A to opal-CT in moderately to 
highly siliceous sediments worldwide. Similar temperature-age 
data may be calculated for the high-amplitude reflection at Sites 
695 and 696 (Table 2). The temperature at Site 696 may be calcu
lated approximately from the rather sparse thermal conductivity 
measurements and temperatures measured higher in the section 
at this site. Similar, more numerous thermal conductivity and 
temperature measurements in the drilled section can be extrapo
lated to the depth of the major reflector at Site 695, and the age 
there can be estimated by correlation with Site 696 along Profile 
AMG845-18. Temperature-age data so estimated are consistent 
with the Hein et al. (1978) dataset (Fig. 7), supporting the inter
pretation of silica diagenesis as the cause of the high-amplitude 
reflection at Site 695. 

Evidence for the Formation of Gas Hydrate 
An alternative explanation offered for the high-amplitude re

flection before drilling was the formation of gas hydrate. Two 
features observable on a seismic profile are normally used to in
dicate the presence of gas hydrate: the reflection which corre
lates with the base of the gas hydrate layer will simulate the sea
floor reflection and be of inverse polarity (Shipley et al., 1979). 

Sub-bottom Depth of the High-amplitude Reflection 
In oceanic sediments, the conditions of pressure and temper

ature at which gas hydrate is stable are such that the base of the 

Table 2. Estimated age and tempera
ture data at the depths of the diage
netic fronts at Sites 695 and 696. 

Site 695 Site 696 

Depth (mbsf) 
Temperature (°C) 
Sediment age (Ma) 

690? 520-530 
40.5 + 2? 32 ±2? 

11? 15 
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Figure 7. Estimated time and temperature field necessary for initiation 
of the opal-A to opal-CT transformation for highly to moderately sili
ceous deep sea deposits (after Hein et al., 1978). A and B are the plots 
of Sites 695 and 696, respectively, from Table 2. 

gas hydrate stability zone will commonly increase in sub-bottom 
depth with increasing water depths, assuming a regionally-uniform 
geothermal gradient. In Figure 8, the TWT to the seafloor is 
plotted against the sub-bottom TWT to the high-amplitude re
flection for Eotvos and Bouguer Basins along Profile AMG845-
18. In both basins, the high-amplitude reflection increases in 
sub-bottom depth as water depth increases, consistent with gas 
hydrate formation in these regions. The different slopes from 
the two basins would imply a change of geothermal gradient be
tween the basins. The lengths of multichannel profile where this 
relationship is observed are shown in Figure 1. 

Apparent Polarity of the High-amplitude Reflection 
Stoll et al. (1971) demonstrated that gas hydrate increases the 

rigidity and seismic velocity of the host sediment. Therefore, at 
the base of a stability zone containing gas hydrate, a velocity in
version is expected. This will be enhanced if free gas is also 
trapped against the base of the stability zone which may have a 
low permeability and act as a cap rock. 

To study the polarity of the high-amplitude reflection, com
plex seismic trace attribute analysis (Taner et al., 1979) was 
used. The apparent polarity of the high-amplitude reflection 
was calculated for SP 1550-2050, in the region of Site 695. Over 
most of this length, the reflection was found to be of inverse po
larity, consistent with its origin from the base of a gas hydrate 
stability zone. (The inverse polarity of this reflection was ob
served at all stages of seismic data processing, so it is not an ar
tifact of processing.) The inverse polarity of the high-amplitude 
reflection is illustrated in Figure 9 by five apparent polarity 
traces calculated by trace attribute analysis from the processed 
seismic data at Site 695. Similar examination of the high-ampli
tude reflection in Eotvos Basin near Site 696 showed it to be of 
normal polarity. 

Hence, analysis of the seismic profiles over Bouguer Basin 
would suggest the presence of gas hydrate. Further analysis of 
the high-amplitude reflection in Bouguer Basin is possible with 
temperature and thermal conductivity data acquired at Site 695. 
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Figure 8. Two-way traveltime to seafloor vs. sub-bottom two-way travel
time of the high-amplitude reflection along Profile AMG845-18. Data 
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sin and dots are for SP 800-1800 in Bouguer Basin. 
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Figure 9. Five apparent polarity traces calculated by trace attribute anal
ysis from stacked multichannel seismic data at Site 695. A deflection of 
the trace to the right indicates normal polarity and a deflection to the 
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Heat Flow Studies 

From temperature and thermal conductivity measurements 
made during drilling, a heat flow of 65 ±5°7o mW/m2 and an 
average geothermal gradient of 52° ± 2°C/km were calculated. 

As gas hydrate stability is strongly dependent upon tempera
ture, it is possible to calculate the local heat flow and tempera
ture gradient from the depth of a postulated hydrate bottom-
simulating reflection. Using MacLeod's (1982) hydrate stability 
curves for pure methane hydrated in Arctic seawater, it is esti
mated that if the high-amplitude reflection at Site 695 is from 
the base of a gas hydrate stability zone, then the geothermal 
gradient would be 24° ± 2°C/km. This value is half the geother
mal gradient measured at the site, so gas hydrate would not be 
stable at the depth of the high-amplitude reflection. 

Thus, despite the seismic evidence for the presence of gas hy
drate, heat flow data show conclusively that hydrate cannot 
cause the high-amplitude reflection in Bouguer Basin. There
fore, it is stressed that caution is necessary when inferring the 
presence of gas hydrate from seismic data alone. 

The Inverse Polarity of the High-amplitude Reflection 
in Bouguer Basin 

Diagenetically-altered sediments have a higher P-wave veloc
ity, so the inverse polarity of the high-amplitude reflection in 
Bouguer Basin is not explained by a simple diagenetic bound
ary. It is possible that the high-amplitude reflection originates 
from a zone of thin, closely-spaced alternating high/low veloc
ity layers, such as chert horizons, at the diagenetic front. Com
plex diagenetic fronts have been drilled in areas such as the 
outer edge of the Beringian Shelf (Turner et al., 1984). The in
verse polarity could result from interference between reflections 
from horizons at a complex diagenetic front. 

Evidence to support this interpretation is found in Eotvos 
Basin where the polarity of the high-amplitude reflection is pre
dominantly normal. Between SP 361 and 382 (Fig. 5), around 
Site 696, a reflection at a sub-bottom TWT of 1.61 s (approxi
mately 520 mbsf) is of inverse polarity. This localized polarity 
inversion may be caused by interference between reflections 
from the upper and lower boundaries of chert horizons, three of 
which were sampled between 460 and 540 mbsf. That the polar
ity of the high-amplitude reflection changes to become domi
nantly normal elsewhere in Eotvos Basin may indicate variation 
of the number and spacing of chert horizons. A similar situa
tion in Bouguer Basin may explain the mainly inverse polarity 
of the high-amplitude reflection. 

Levels of light hydrocarbons were low at Site 696 above 611 
mbsf. Nevertheless, the amplitude of any reflection from a suite 
of chert horizons, in Bouguer or Eotvos basins, would be in
creased if free gas were trapped beneath one or more cherts, in
creasing acoustic impedance contrasts. 

Evidence for Methane Hydrate in Bouguer Basin 
At Site 695, concentrations of methane increase logarithmi

cally below 259 mbsf; this occurs at a depth where the sulfate 
concentration in interstitial waters has reduced close to zero, a 
necessary precursor to methanogenic activity (Claypool and 
Kaplan, 1974), so the methane is interpreted to be of biogenic 
origin. 

With a local heat flow of 65 mW/m2 and assuming a pure 
methane composition, it was calculated that the approximate 
depth of the base of a hydrate stability zone would be 335 ± 20 
mbsf. This depth corresponds to 2.20 ±0.02 s TWT by using in
terval velocity data from a nearby VELAN at SP 1741. Al
though moderate-amplitude inverse polarity reflections occur at 
2.18 and 2.22 s TWT (Fig. 9), they do not cross bedding planes, 
nor increase in depth sub-bottom as the seafloor depth increases 
(Fig. 6). 

Thus, although methane was recovered at the site at the 
depth at which methane hydrate is stable, there is no seismic evi
dence for widespread hydrate formation at this locality. 

CONCLUSIONS 
1. Previous seismic data interpretation had correlated a high-

amplitude reflection with a regional break-up unconformity. At 
Site 696, although identified on seismic data, an erosional un
conformity was not confirmed by drilling because of poor re
covery and the lack of biostratigraphic data. A change in the de
trital component near 548 mbsf may indicate the position of an 
unconformity. However, a silica diagenetic boundary at 520-530 
mbsf is interpreted as the probable cause of the high-amplitude 
reflection. In Bouguer Basin, near Site 695, silica diagenesis is 
interpreted as the cause of a high-amplitude reflection. Any 
break-up unconformity will lie deeper in Bouguer Basin and its 
impedance contrast may be suppressed by diagenesis. 

2. At Site 696, variations of physical properties associated 
solely with silica diagenesis were difficult to isolate, because 
there are fluctuations of detrital composition over the same 
depth interval, and core recovery was low. However, observed 
variations in density and velocity, regardless of cause, were suf
ficiently large to explain the high-amplitude reflection. 

3. Despite strong seismic evidence for the high-amplitude re
flection to be correlated with gas hydrate formation in Bouguer 
Basin, this interpretation is ruled out on the evidence of temper
ature and thermal conductivity data acquired at Site 695. Ex
treme caution is urged when interpreting the presence of gas hy
drate on the evidence of seismic data alone; neither inverse po
larity nor correlation with hydrate stability behavior is 
diagnostic. 

4. The cause of the inverse polarity of large proportions of 
the high-amplitude reflection in Bouguer Basin remains anoma
lous. It is possible that it originates from interference between 
reflections from several closely-spaced reflectors, such as chert 
horizons, or is caused by free gas trapped in the vicinity of the 
diagenetic boundary. 

5. No strong anomalous reflection is observed at Site 695 at 
the depth at which the base of a methane hydrate layer would be 
stable, although methane was detected in logarithmically in
creasing quantities near the base of Hole 695A. 
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Plate 1. Scanning electron micrographs of opal-A and opal-CT. 1. Mud-bearing diatomite with well preserved opaline (opal-A) skeletons and frag
ments of diatoms. Sample 113-696B-45R-1, 96-98 cm (Subunit VIB, middle Miocene). 2. Partially dissolved diatom skeleton. The finer branches of 
the test are more quickly dissolved than the nodes. Sample 113-696B-50R-2, 34-36 cm (Subunit VIB, middle Miocene). 3. Detail of bladed opal-CT 
lepispheres with regular 70° or 180°-70° angles recording the twinning law of tridymite (Florke et al., 1976). Sample 113-696B-51R-2, 49-51 cm (Sub
unit VIIA, middle Miocene). 4. Clusters of opal-CT lepispheres attached to the walls of a cavity and mound. Sample 113-696B-53R-5, 67-69 cm 
(Subunit VIIB, early Miocene to late Paleogene). 
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