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Abstract - The presence of authigenic smectite in the lower Oligocene sandst{——=>" =
of the Cape Roberts Project core CRP-3 from the Victoria Land Basin of Antar(
is confirmed by scanning electron, scanning-transmission electron, and I}/ 1

microscopy. It was emplaced as a single generation of cement within the I }% f:f:mc

portion of the Oligocene section. This section has undergone no discern waiss jce

compaction since cementation. Permeabilities measured on fifty core plugs ¢ mnm—ﬁ{%mm
that the lower portion of the Oligocene (from 370-766 meters below sea floor) | W& Vs
has systematically higher values than sediment in uppermost CRP-3 and ¢ \.. _.ﬁ

CRP-2 and CRP-1.
Three models for smectite authigenesis are considered as multiple working hypotheses to be tested: 1) Burial
diagenesis with necessary components sourced from volcanogenic materials and heavy minerals within the
drilled sequence; 2) Precipitation from hydrothermal waters associated with possible igneous intrusion(s) and
nearby faults; 3) Mobilization and injection of regionally compactive “thermobaric” fluids along a nearby
fault that bounds a major graben parallel to the Transantarctic Mountain Front. The preponderance of the
available evidence and Occum’s Razor favors the first model, although special circumstances dictated by the
position of the drill site along a rapidly subsiding rift basin require that all three models be considered
equally until our analyses are complete.

INTRODUCTION within the Beacon sandstones (Lithologic Unit 17.1)
is thought to represent Ferrar Supergroup dolerite
The third and final year of drilling at Cape(Cape Roberts Science Team, 2000). No pore-water
Roberts on the western margin of the West Antarctisamples were taken.
Rift System (Victoria Land Basin) in Antarctica
(Fig. 1) produced a 940-m core at Site CRP-3 located
in 295 m of water downslope from previously core
sites CRP-1 and CRP-2 to the east. At CRP- ]
Neogene glacial erosion controlled by coast-parall 200 1
faulting associated with the Transantarctic Mounta , |
(TAM) Front had removed overlying units (Cape
Roberts Science Team, 1998), making older streg ]
accessible for coring. £ 800 |
The core (Fig. 2) consists primarily of lower®
Oligocene and possibly some uppermost Eoce!
siliciclastic glacio-marine sediments deposited in 1200 |
nearshore, cold-temperate to periglacial setting (Ca g |
Roberts Science Team, 2000). The Cenozoic str:
have been divided into 15 major lithologic unit¢
separated by an unconformity at 823.11 meters belgsy 1 - map location of Cape Roberts drill sites, East Antarctic Ice
seafloor (mbsf) from the subjacent Devonian Beaco$heet, the Transantarctic Mountains, and the West Antarctic Rift

Supergroup sandstones. Minor fault zones wergstem (which includes the Victoria Land Basin along its western
rgin). The interpreted seismic reflection profile shows CRP-1,

. o m
identified or SUSpeCtled to occur at 257'_2633 539'a|'3§£P-2 and CRP-3, ages, and a fault in bold that bounds a graben
790-801.5 mbsf. A highly altered 19-m-thick intrusiono the west (from Cape Roberts Science Team, 2000, Fig. 1.4).
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During core processing at the Crary Science and
Engineering Center (CSEC), McMurdo Station,
Antarctica, an unusual greenish colouasmoted in
sandstones between 540 and 789.77 mbsf (Cape
Roberts Scienc&eam, 2000). In routine thin-section
and nannofossil smealide preparations, these
appeared to coat the sand grains and to display a
“box-work” or “honey-comb” structure reminiscent of
some authigenic clay minerals. Concurrent x-ray
analysis conducted on site indicated that the clay
mineral in question is smectite (Cape Roberts Science
Team, 2000 Tabh. 4.5; see discussion betl).
Independent shore-based grain-size and clay-
mineralogy studies & also suggested respeetly
that diagenetic clay or authigenic smectite is present
in portions of the core (see Barrett; Ehrmann; and
Setti et al, all this @lume). No such clays had been
detected or suspected in the CRP-1, CRP-2, or
CIROS-1 cores, where high concentrations of smectite
have been attribted to changes of source area or
climate (Cape Roberts Scienteam, 1999; Ehrmann,
1997, 1998a, b). If the abe obserations on CRP-3
are correct, hwever, the presence of authigenic
smectite might be the result of: 1yral diagenesis,

2) hydrothermal actiity, or 3) fault-focused
compactve fluid flow through the rock at some stage
in its history

In the present studywe hare conducted a
preliminary surey of CRP-3 core using the scanning
electron microscope (SEM), scanning transmission
electron microscope (STEM), and light microscope
(LM) in order to ascertain the morphology and
probable gtent of the clay mineral phase in question.
In doing so, we he&e also recorded the presence of
any authigenic calcite cement, which occurs
extensiely in portions of the core (Cape Roberts
ScienceTeam, 2000). In addition, we ha made
porosity and permeability measurements on selected
core samples. Our ultimate goal in characterizing
these warious aspects of the core is to determine the
origin and source of the smectite clay coatings on
sandstone grains, and whether or not the rock has
been subjected to heating and fluidwlauring its
history. A complete study will require more analyses
than we hae been able to run at the time of this
writing. Thus, this contribtion should be considered
a progress report on an ongoing study

PREVIOUS WORK
AUTHIGENIC CLAY MINERALS
Clay coats on sandstone grains, also referred to
variously in the literature as clay coatings, clay rims,

and pore-lining clays, may ta a \ariety of allogenic
or authigenic origins (Pittman et al., 1992).

features, &ults, and agesAges are from Cape Roberts Science’A‘UthigeniC Clay coats, the primary ObjeCt of the

Team (2000).

present studymay originate by direct precipitation
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from formation vaters (neoformation) or through clay mineral will precipitate. Smectite authigenesis,
reactions between precursor materials and the pdike that of opal-CT and some zeolites, occurswelo
fluids (regeneration). Such authigenic clay mineralstbout 70 C. On the other hand, at temperatures
are characterized by a radial morpholpguhedral above 6 C to 8% C, quartz precipitates more
crystal shape, and a highgtee of crystalinity and readily and smectite, no longer stable rekatio pore
purity (Wilson & Pittman, 1977; Hathon & fluids, begyins to cowert to illite (Bjgrlykke &
Houseknecht, 1992). Purity may be reflected by thekagaard, 1992, citinghagaard & Helgeson, 1983 and
chemical composition, x-ray difaction pattern, a Sass et al., 1987).
uniformity of color and tgture, and by their As to minimal temperatures for authigenesis in
transpareng. Indeed, some authigenic clays areanarine ermironments, seeral geologically young
monomineralic (Almon et al., 1976Wilson & authigenic minerals can form in sade or near
Pittman, 1977). surface enironments.These include opal-CT in
Because of their potential detrimental or b&iaf Pliocene sediments rich in biogenic silica of the
effects on sandstoneytrocarbon resenir quality  Southern Ocean (Bormann et al. 1994) as well as
clay coats hee been studiedx¢ensively during the Quaternary glauconite pellets and aiety of related
past three decades, with compreheassummaries Fe-rich clays and smectites in the Gulf of Guinea
provided byWilson & Pittman (1977) and Pittman et(Odin, 1988).
al. (1992). Of the authigenic clay minerals found in It is often stated thatolcanic glass is unstable in
sandstone reseoirs, smectite, glauconite, andmarine emironments and is rapidly replaced by other
kaolinite are found at the shallest rial depths. minerals or dissoles completely €.9g. Sturesson,
These minerals, woever, are likely to be joined or 1992). Daies & Almon (1979; see also Des et al.,
replaced at greater depths by other minerals such B$79) found that diagenesis ablganic sands dered
mixed-layer smectite/chlorite, smectite/illite (= 10/17Afrom modern subaerial andesitic eruptions in
clay), dickite, chlorite, and illite, which form underGuatemala can proceed quite rapidly (tens to
conditions of greater heat and pressure. hundreds of years) in both marine and non-marine
For instance, outcrop samples of thewar ernvironments under neaurface conditions; hematite-
CretaceousNoodbine Sandstone &rkansas and goethite, smectite, and zeolite are the principal
shallovn subsurfce samples of its dm-dip cements the reported.
equialent, theTuscaloosa Sandstone,vieaauthigenic Clay authigenesis can also proceed rejaly
smectite coats of uniform thickness, as do those mapidly in deeply bried sandstone reseivs once the
cores at depths as great as 1,676 m in the Big Cree&cessary conditions are achéel. Comparatie
Field of Lousiana (Pittman et al., 1992). Deeper coresfudies of a Miocene quartz/subaskc sandstone in
at 2,371 m in nearbf¥ensas Brish, havever, have Sumatra subjected to dérent urial/temperature
chlorite coats. Cores to shothe transition from regimes due todulting shaoved that kaolinite, illite
smectite to chlorite are novailable; hevever, Wilson and chlorite precipitated in only 1 to 2 mwhen
& Pittman (1992, p. 247) suggest that such aubjected to temperatures of 120-1%5and hirial
transition would likely involve a mixd-layer depths of about 1400 nThese clays were not
chlorite/smectite phase. Similak@nples hae been precipitated, hwever, at shallever depths (about
noted from the Jurassic of the North Sea where ea®00 m) where temperatures are abou? W (Gluyas
diagenetic clay-mineral assemblages (kaolinite& Oxtoby, 1995, fg. 8).
smectite and chlorites) dominated by kaolinite and The ultramorphology of authigenic smectite has
detrital illitic/smectitic materials are found commonlybeen studied where it has replaced or precipitated
in basin magin sandstones, and authigenic smectitegithin vesicles of subaerially erupted, Cenozoic
are present only in the shaller reserwirs of the rhyolitic materials to form clay deposits, such as the
basin (see Burle& MacQualer, 1992, and references Ponza bentonite in Italy (8 & Weaver, 1979; see
therein). also Lombardi & Mattias, 1981) or the Kign
It should be noted that depositionalveonment Bentonite in Ngada (Khoury & Eberl, 1979Vise &
may in some cases prde an important control on Ausburn, 1980). In both cases it deloped as a
the development of smectite vis a vis chlorite anchone/-comb or box-vork pattern of indiidual
corrensite (a mied layer chlorite/smectiteplmon et crystals.This pattern vas also noted in pvéous
al. (1976) found the occurrences of these phases studies of wlcaniclastic sandstones (Almon et al.,
to be mutually eclusive in the Horsethief drmation 1976;Wilson & Pittman, 1977).
of Wyoming. There, smectite precipitated in near  Volcanic precursor materialggfire prominently in
shore marinedcies where the Mg/Ca ratios in initialmost other reports of authigenic smectites such as in
pore fluids were lwer relatve to those in delta the aforementionetVoodbine Sandstone, alzanic
distributary channels and distibary mouth bars, in arenite with less than 10% quartz, and Tluiscaloosa
which corrensite desloped (see Pittman et al., 1992 Sandstone of Louisiana (Pittman et al., 199h)e
for several other suchxamples). Woodbine Sandstone contains trgtih and alkalic
Silica concentration and temperature are alsigneous lithic fragments, oligoclase feldspandTi-
important fctors in determining which authigenicrich pyroxenes.



284 S.W. Wise et al.

Widespread uppefertiary andesitic detritus from overgrowths; such clay coats, tvever, do not inhibit
the Sierra Neada Mountains as the source of thick, the later precipitation of epitaxial cements such as
wax-like authigenic smectite coats thaveyiwlcanic calcite (Cape Roberts Scien€eam, 2000).
arenites of the Mehrten Fm of California a distineti Most authigenic clay minerals studied in
blue color and translucent luster; some of the #vick sandstones eithexgerimentally or in nature are those
coats consist of tw layers (generations) of radialfound in deeper brial settings common to most
crystallites (Lerbekmo, 1957). Chemically pure withpetroleum resemwirs. Therefore, the literature has
an unusual composition between beidellite andeen focused primarily on chlorite, illite, neid-layer
nontronite, these cements are equally common in bogimectite/illite, kaolinite, and dickite rather than
marine and non-marinea€ies, suggesting that thesmectite (for may examples and case studies, see
volcaniclastics and not poreater composition Scholle & Schluger1979, and Houseknecht &
controlled the mineral gveth. Rhyolitic eruptions and Pittman, 1992). In comparison, reports on the
the erosion of crystalline rocks of the Rgck occurrence of essentially pure smectite in sandstones
Mountains were the primary sources of vitric andn the absence of other authigenic clay minerals are
arkosic sandstones of the Cenozoic High Plainlatively few. For this reason, the occurrence reported
sequence, a semiarid alluvial and eolian comme here in CRP-3, particularly in thewer portion of the
the mid-continent USA, in which smectite coatxore, may represent a well-dedd, well-isolated bt
developed at law temperatures (10-30C) and less well-documented end member of the diagenetic
pressuresd; 1 bar) (Stanhk & Benson, 1979). spectrum.

Another notable xeample of wlcanic material
altering to smectite is theweer Tertiary tufaceous CRP-3 SANDSONESAND CLAY MINERALS
sediments of the Bader Fromation in the North Sea,
which is composed mostly of alteredleanic ash and The sequence has beervidied into lithofacies
siliceous microfossils (Bjgrlylkk & Aagaard, 1992). associations (Cape Roberts Scieff@am, 2000).
Smectite occurs along with med-layer clays and From the top dan, the interal from 0.00 to 378.36
chlorite. Bjgrlykle & Aagaard (1992) suggest that thembsf consists of muddy sandstones and mudstones,
amorphous biogenic silica plus unstable Fe- and Mavith subordinate conglomerates and diamictites
rich minerals in the @lcanic debris semd as (LithofaciesAssocation 5). In contrast, that from
precursors for the smectite and chlorite. 378.36-~580 mbsf ws classifed as “clean”

Many, but not all, authigenic clay mineral speciesandstones (Lith@fciesAssociation 4), whereas
have been synthesized in the laboratory from gels duithofaciesAssociation 3 (~580-789.77 mbsf) has
precursor materials at elated temperatures andbeen described as “muddy” sandstones (Cape Roberts
pressuresgg. Eberl & Hower, 1976;Whitney, 1990). ScienceTeam, 2000).
Most pertinent to the present study are those Provenance studies based on both clasts and thin-
precipitated gperimentally within sandstone®.¢. sections of sandstones detected no alkalyrexgnes
Small et al., 1992a, b, Pittman et al.,1992), as these amphiboles, nor anfresh alkaline-wlcanic lithic
have demonstrated not only the mechanism by whicyrains or clasts, and only rareleanic glass with
such authigenic clay coats formutalso hae subalkaline compositions (Pompilio et al., this
allowed for controls on clay morphologynineral volume; Sandroni &Talarico, this wlume; Smellie,
stability, and mineralogyStudies by Small et al. this volume). Hence there are no discernable
(1992a) shw that the authigenic clays in sandstonesontributions to the sediment from the McMurdo
are direct precipitates from solution that do noVolcanic Group of northerWictoria Land.This
require a preasting clay coating. suggests that McMurdo Grouphcanism did not

Pittman et al. (1992), who gresmectite coats on begin in the McMurdo Sound area untl 25 Ma
sand grains in aydrothermal reactordeined four (Cape Roberts SciencBeam, 2000; also Smellie,
stages in the>gerimental deelopment of the clay 2000 and this @lume). Instead, the localAM
coats.As they illustrated (Pittman et al, 1992igf provenance seems to Y& been the source for the
19), the process bes with the formation of isolated CRP-3 sediments, with major inputs from the Beacon
clay wisps in random orientation folieed by the Supegroup sandstones and the subalkaline Ferrar
coalescence of these discrete clay platelets to formSaipegroup dolerite sills (Ferrar dolerite),via flows
non-porous “root system” tangential to the graif{Kirkpatrick Basalts), and yroclastic deposits
surface. From there the clay plateletswgrprimarily (Mawson Formation, Kirkpatrick Basalt yroclasts)
tangential to the grain sade to form a microporous, (Cape Roberts SciencBeeam, 2000; Neumann &
polygonal box-verk pattern that irifls to become Ehrmann, this glume; Sandroni &Talarico, this
denser while remaining only one-layer thick by therolume; and Smellie, thisolume).
final growvth stage.These authors not only noted Chemical analyses forolcanic clasts from CRP-3
similar morphologies in natural sandstonesit b are not aailable. Havever, Kyle (1998) found that
suggested that the flatly attached, tight root zoas wclasts of Ferrar dolerite in CRP-1 are characteristic of
probably efective at blocking the nucleation of quartzthose from theTAM, noting that thg would be
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classifed as basaltic andesites using the clasgibn exposed in theTAM. Smectite, 10/17A migd-layer
of LaBas et al. (1986)With one &ception, silica clays, and quartz occur consistently el650 mbsf.
contents ranged from 53.38 to 56.34 %ylg 1998, Smectite is generally not abdant in modern high-
Tah 2). latitude sediments (Gfifn et al., 1968; Chamig
In thin sections of representa&i sandstone 1989) cept where wlcanic rocks are an important
samples, grain sizes are predominanthef to \ery sediment source,ven under polar conditions
fine-grained €. 70% of samples; Smellie, this (Ehrmann et al., 1992; Ehrmann, 1998b).
volume). Of signifcance to the present study  The shift to smectite-bearing assemblagesvibelo
pyroxene grains are an important detrital compone®50 has been attriied to one or more of three
(up to 14%). It is fresh and abdant abwe possible mechanisms to be furthemakiated during
180 mbsf, ut commonly partially replaced by shore-based studies (Cape Roberts Sciélreaam,
smectite (or rare carbonate) in samples tethat 2000): 1) climate then as more humid and possibly
level (Cape Roberts Sciendeam, 2000). In addition, warmer, hence greater chemical weathering; 2)
a variety of lithic grains (up to 9.3% byolume) sediment sources includealganic rocks not present
include dolerite andirfie basalt (Smellie, thisolume). during the deposition of younger rocks; 3) diagenesis
Volcanic lithic grains reach their highestpreferentially produced smectite in thevir part of
concentrations belo c. 600 m (Cape Roberts Sciencethe section.The latter possibility can best be
Team, 2000, Fig. 1). evaluated by shore-based SEM study (Cape Roberts
CRP-3 porosity ariations indicated by well logs ScienceTeam, 2000), which is the primary objeti
and core measurements do not fetla simple of the present study
compaction prdfe such as those usually found in
siliciclastic sediment (Hamilton, 1976) and at CRP-1

and CRP-2/2A (Niessen et al., 1998; Brink et al., METHODS
2000, respectiely). Instead, no systematic depth-
dependent porosity decrease is notedveld4 mbsf, Preparations for the SEM were made by fracturing

apparently due to diagenesis and grain-sizthe rock and mounting the fragments on stubs using
fluctuations (Cape Roberts Scienteam, 2000, fast-drying metalic paintWhere sandstones were
Fig. 2.22). Whereas carbonate cementation augmengoorly consolidated, specially constructed, 28-mm-
the compaction prolfe at CRP-2/2A by reducing wide dish-shaped holders with raised rims were used
porosities in the ver portion of the hole, carbonateto catch ay grains that spalled bthe sample during
cementation at CRP-3 obscures the compactioril@rofexamination. Samples were dried in avea either
by reducing porosities in the upper part of the hole. before or after mounting. Polished sections were
Indeed, carbonate cementation of the sandstoneseimamined in the STEM. Examinations in the light
common, occurring in both greenish “muddy”’microscope were conducted on thin sections (see
sandstones and in light-colored clean sandston&snellie, this wlume) and smear slides prepared for
(Cape Roberts ScienckBeam, 2000, Fig. 3.12). nannofossil studies (s&¥atkins et al., this ume).
Carbonate cements and nodules, from 1-43 mm Porosities, blk densities, and matrix densities of
across, wereirfst obsered davnhole at 234.83 mbsf. 82 core-plug samples from CRP-3 and 62 samples
These were also present in CRP-2/2A helofrom CRP-2/2A were measured by Jarrard (this
500 mbsf (Cape Roberts ScienGeam, 1999Aghib  volume) and Brink & Jarrard (2000), respeetliy.
et al., 2000).The source of the carbonate in CRP-Fhese data were used to recalibrate the continuous-
belov about 300 mbsf is not cleaas there is “no core and well log data, and to eent the continuous-
evidence of the dissolution fatcting biogenic tests in core density records (Cape Roberts Sciefieam,
terms of incipient/late stage diagenesis” (Cap&999, 2000) to porosity (Brink & Jarrard, 2000;
Roberts Sciencdeam, 2000). Other possible originsJarrard, this lume). Permeabilities of 50 of these
might be oganic carbon-carbonate diagenesis (Aghilcore plugs were measured BgrraTek, Inc. (Salt
et al., 2000), or ydrothermal fluids that could ka Lake City, Utah), using a l-pressure (300 psi),
passed through Cambrian/Precambrian marbles in thentinuous-flav, air permeability technique on
metamorphic basement beldhe Beacon Supgroup jacketed samples.
(Cape Roberts Sciendeam, 2000).
X-ray clay mineral analyses of gtene-glycolated
samples conducted at CSEC made no attempt to RESULTS
determine relatie alundances of thearious mineral
phases (Cape Roberts Sciedeam, 2000;Tah 4.5). AUTHIGENIC SMECTITE CLA' COATS
Chlorites, illites, quartz, plagioclase and aiety of
mixed-layer clays occur consistently afo The overall distritution of smectite, carbonate
c. 410 mbsf. Of these, the chlorites and illites areement, and mud matrix in CRP-3 noted in thin
considered to be detrital, produced byypltal sections of sandstones isvgn in table 1. Smectite,
weathering of Beacon Suggoup and basement rocksoccurring as radial rims around grains (“R”Tah 1)
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Tab. 1 - Down-core distrilution of grain size, sorting, cement
(carbonate, smectite) and mud matrix in CRP-3 sandstones.

Yab, 1 - Down-core distribution of grain size, sorting, cement (carbonate,
smeclile) and mud malrix in CRT-3 sandsiencs
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A3 11 [ERY) poar @ thick AccV . Spot Magn
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A640% B well .
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A6 57 well @ ihick
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Py pove mudrats R

® Tervasive, abundanl R Radial authigeneic smectile
= Patchy, minor L Laminated allogenic smeetite
@ lracc thick Thick authizen: tite (=3 mi

and therefore presumed to be authigenic, is not ol
present, bt penasive and abndant from Samples
335.96 (mbsf) to 787.66; those from Samples 630.
to 737.35 and one at 770.26 mbsf are distinguished
“thick”, i.e. greater than 5 micrometer§he presence
of such clay coats in Sample 389.32 from the upg
third of the hole is conmfmed by STEM images of
polished sections inigures 3a-c, where the coats ar
of reasonably uniform thickness and surround the
grains nearly completelyxeept where thg are

pressed most closely aigst one another (ams). In

figures 3a and 3c, the interstices ated by calcite Fig-d?’t‘ a) fSTE'\gsrgi;;OgLaF:hgﬁf a p_o”sﬂed Serf“‘)" of a C'?Pd‘3
sandstone from 389.32 mbsf sfing primarily quartz grains coate

cement that _pOStdates the Cl_ay coats. by authigenic smectite and cemented by a late-stage c#loitevs

A scanning electron micrograph of a fracturgyint to some of the fe places where the smectite coats are

surface through a silty sandstone at 706.58 mb%finned or missing due to compaction of the sand grains. Bar scale
displays an assortment of grain sizes ranging from F0200 micronsb) Same specimen as aboin an area of the
to over 400 microns (Fig. 4a)lhese sands were sample not cemented by calcite. Bar scale = 100 micgrSame

. - specimen as abe in an area cemented by calcigrow points to
so_urce_d from Beacf’n Sueoup Str,ata' prlmal_rlly the one of the fav places where the smectite coats are thinned or
Triassic ‘lcanogenic Lashly érmation (Smellie, this missing due to compaction of the sand graiBar scale = 200

volume). The indvidual sand grains are uniformly microns.
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coated with smectite. In manplaces, hwever, is characteristic of well-deloped authigenic smectite
patches of the coats were torway when the sample (Fig. 4d; compare wittWise & Aushurn, 1980, igs.
was fractured (Figs. 4b and 4c)yvealing the smooth 8-10; Pittman et al., 1992igk. 20C-D). In contrast,
surfaces of the quartz grains beneath (“Q” in Fig. 4csomavhat smoother “bald spots” represent grain-
see labeled bas in Fig. 4b for the location of this contact scars (“S” in Fig. 4c),e. points of contact
figure as well as Figs. 4d and 4e). where sand grains were pulleday when the sample
In plan view, the clay coats display the densevas fractured (see Hathon & Houseknecht, 198R, f
polygonal box-wrk pattern of indiidual platelets that 6D caption).These gpose the dense root zone at the

Fig. 4 - a) SEM of a fracture section through a CRP-3 sandstone sample from 706.58 mbsf; area outlined by white rectaeglarenlar
figure 4b belw. Bar scale = 100 micron®) Enlagement of igure 4a shwing lamge sand grain with part of its smectite coat torh of
when the sample as fracturedWhite boxes shav locations of igures 4c, d, and f. Bar scale = 100 micracjsEnlagement from ifjure

4b shaving where part of a smectite coaasvremeed during sample preparation toveal the smooth suate of a quartz sand grain
beneath (“Q").A “bald spot” or grain-contact scar “S” in the center of tlyaife also ghibits a smooth suate. Fractures in the clay coats
are probably articts of sample preparation. Bar scale = 10 micrdp&nlagment from fgure 4b shwing in plan viev the characteristic
honeg/-comb or box-wrk pattern of smectite platelets comprising a clay coat. Bar scale = 10 mieydrdagment of fgure 4b shwing
radial gravth of smectite platelets into an interstice of the sandstdimew points to a “bald spot” or grain-contact scar on the underside
of a clay coat. Bar scale = 10 microfisEnlaigment of fgure 4e abee shaving euhedral nature of the smectite platelets. Bar scale = 1
micron.
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base of the clay coats. Fracturing maywéalso permeability/porosity pattern for this deeper intdrs
produced the cracks seen in the clay coats efmilar to that of sandstones from nyaparts of the
figure 4c. world (Nelson, 1994). Samples from the inteming
The free grath of the smectite platelets within section (223-361 mbsf) appear to oef an
the interstices of the sandstone is illustratedignre intermediate permeability/porosity relationship
4e.The idiomorphic nature of the inddual platelets (Fig. 6), but it is also possible that theepresent a
is shavn in close-up vie in figure 4f. Cross sections transition zone of alternating beds of deeper and
of the clay coats inigure 4e demonstrate the radialshallover permeability/porosity bekéor. Although
nature of their grerth; these coats measure up to 10
microns in thicknessThis fractograph also veals a
“bald spot” (arrev) on the underside of one of th« i
coats, where the grain that formed the substrate \ [
removed when the sampleas fractured.
The relationships among the clay coats not @
above hare also been obsesd in a coarsegrained
sandstone from 716.44 msbf (Fig. Hgain the
thickness of the dense authigenic clay coats is gt
uniform. Missing patches of clay coats are acti$ of ##
fracturing during sample preparation. In this samg %
small crystals of an unidenidfd substance (zeolite, %
calcite, or quartz?) form a late-stage precipitant
the clay coats (Fig. 5c).

POROSITY AND PERMEABILITY

Measured intgranular permeabilities of the CRP
3 and CRP-2 samples encompass a range of m
than five orders of magnitude. Intgranular | &
permeabilities of most sedimentary rocks a g+

and the logrithm of permeability for all rocks from
the same formation (Nelson, 1994).

The relationship between porosity and permeabil
for five intenals of CRP-2 and CRP-3 is sk in
figure 6.These interals hare generally similar
porosity ranges, Ut distinctively different
permeabilities for a gien porosity All CRP-2/2A
samples, as well as the top 200 m of CRP-3inded
single permeability/porosity trend that is muchvés
in permeability than deeper CRP-3 samples, desg
generally higher porositiesthis trend, which is
similar to those found in some shalag much laver
than those of published sandstonegg( Nelson,
1994), indicates a poorly connected pore geome @
that may be attriltable to the muddiness of most ¢ %
these sedimentsihough these tw intervals come
from different wells, thg are stratigraphically
adjacent portions of the ~1700 m composite CR
1/2/3 section (Cape Roberts Scientmam, 2000,
Fig. 7.9), with identical permeability/porosity Fig. 5 - a) SEM of a fracture section through a CRP-3 sandstone
relationships and with generally similar lithologiesS@mple from 716.44 mbsf shing area (white box) enlged in

. . . figure 5b belw. Bar scale = 100 micronb) Enlagement of igure
(mUddy sandstones, siltstones, and d'am'CtS)' 5b abwe, shaving smectite coats, parts of which were torfi of

CRP-3 samples from 370-766 mbsfvieaa when the sample as fractured, xposing the smooth swade of the

permeability/porosity relationship characterized byuartz grain (“Q”).White box shws location of fgure 5¢c belws.

much higher permeabilities and much greateﬁar scale = 100 micronsc) Enlagement of fgure 5b abwe
shaving dense pattern of the smectite platelets on which some

sensitvity of permeability to porosity thffm that from ,higentified (zeolite, calcite, or quartz?) crystalsveabeen
CRP-2 and uppermost CRP-3 (Fig. 6The precipitated. Bar scale = 10 microns.
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only four samples of D@nian Beacon SandstoneFig. 7) clearly demonstrate a pattern of systematically
were measured, their pattern is apparentlhigher permeabilities bel about 200-400 mbsf than
significantly different from the deepertiary (370- in uppermost CRP-3 and all of CRP-2 and CRP-1.
766 mbsf) results, with permeabilities that are ardowever, permeability ariations of as much as éw
order of magnitude higher for avgin porosity This orders of magnitude between adjacent samples
permeability enhancement is compatible with thebscure the detailed character of this transition.
suggestion of Jarrard (thisohume) that the Beacon
has_a more open and continuous pore geomet_ry th~~ Permeabllity (md)
Tertiary sediments at CRP-3, based on comparison  p.01 0.1 1 10 100 1000 10
plug formation-actor vs. porosity relations. T PR e

The relationships between permeability an( -600
porosity in fgure 6 can be used to predict
permeabilities where only porosity data avaikble.
Assuming that the short CRP-1 section has
permeability/porosity relationship similar to the one
for all of CRP-2 and upper CRP-3, and that the CRI 200
3 intenals 200-365 mbsf, 365-823 mbsf, and 823-93¢
mbsf hare distinctively different relationships as
shown in figure 6, one can carrt all continuous-
core porosities for the composite CRP-1/2/:
stratigraphic section to permeabilitindividual
predicted permeabilities may be inaccurate by ¢
much as an order of magnitude, based on olesen®
dispersion inifjure 6, lut zonal permeability patterns
indicated by hundreds to thousands of measuremel
should be reasonably representatilt should be  ggp
noted, havever, that no core-plug samplingasg
undertalen in the mawy thin conglomerates, and the
clast-induced lw porosities and consequentlywio 800
predicted permeabilities of these beds may be biase!

Permeabilities for the composite CRP-1/2/3 section
as a function of depth are plotted iigdire 7.To Fig. 7 - I_Dermeability profe _based on core-_plug measurements

- . . . open circles) and porosity-based predicted permeabilities
facilitate comparison to discussions of CRP-3 depth W ntinuous tracing) for the composite CRP-1/2/3 section as a
this paperwe use current CRP-3 depths (in mbsf) afinction of depth using the current CRP-3 depths (in mbsf) as a
the reference frame for thiggtire (.e. top of CRP-3 reference frameife. top of CRP-3 = 0 mbsf; sections stack
= 0 mbsf: CRP-2 and CRP-1 sections statlabwe above ar_t_e_measured from that_point ingagive numbers).

' . . . Permeabilities are systematically higher bel@bout 200-400 mbsf,

are measured from that point uards in ngative

) which corresponds to the zone of authigenic smectite precipitation
numbers). The core-plug measurements (open circlegarrow).
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Porosity-based predicted permeabilities (Fig. 7their radial gravth habit and, in plan we polygonal
continuous tracing) pndde a more detailed box-work structure €.9. Fig. 4d) as well as 2) well-
permeability structure for CRP-1/2/3. Wever, formed, lage euhedral platelet®.g. Fig. 4f). In
predicted permeability ariability within the ~200-365 addition thg exhibit a well-crystallized structure and
mbsf transition zone may be underestimated becausenear monomineralic composition.
of our use of a single,varage permeability/porosity = The high dgree of crystallization has been
relationship for this inteal. demonstrated by complementary geochemical and
The intenal from approximately 350 to 790 mbsfmineralogical studies carried out by Ehrmann and
has permeabilities that are consistently tarders of Setti et al. (both thisolume). These authors report
magnitude higher than in braekng zonesThis that the clay fraction belw 602.05 mbsf is not only
interval closely corresponds with that mieusly made up almostx@lusively of smectite (see x-ray
described as the authigenic-smectite inaeiFig. 7, diffractograms by Setti et al, Fig. 1 and Ehrmann,
vertical arrav). The base of this high-permeability Fig. 3), but yields the highestalues on their
interval is sharp, at the 789 mbsf boundary betweegyystallinity indices (from Biscaye, 196Fhorez,
overlying sandstones and underlying doleritic breccia.976; cf. Ehrmann, 2000¢f. Diekmann et al., 1996).
Plug permeability measurements were impossiblgettj et al. ihd that these smectites are Mg-rich, and
within this doleritic breccia, so its permeability/fa|| within the intermediate beidellite-saponite
porosity relationship is unconstrainedctual (jstribution field. This is in contrast to those in the
intergranular permeabilities within this doleritic ypper 100 m of CRP-3, where the smectitegeha
breccia are probablyven lover than the ery low  gjightly lower crystallinity inde and are considered
values predicted inigure 7, because the brecciagetrital in origin. In the central part of the core
matrix is predominantly clay (Cape Roberts Sciencgerween 154.45 and 522.73 mbsf, these autfiodsaf

Team, 2000). _high degree of chemical ariability indicating some
The relwance of the present CRP permeabilityygyree of mixing of detrital clays (see also Ehrmann,

structure of igure 7 to CRP diagenesis depends ofis wlume).
two critical assumptions. First, intgranular The interal from ~580 to 789.77 mbsf in CRP-3

permeabilities such as those sio here afect  aq injtially described as a “muddy” sandstone (Cape
intergranular flav. The overall flow pattern can be poperts Science Team 2000). Shore-based

dominated by localized flo in faults or fractured ,pcapations corifm that the “mud” in this intemd is
intervals, because fracture permeability is common%ostly authigenic smectite, not a detrital clay

orders of magnitude higher than ingeanular ,un4,qh there are geral interals of muddy horizons
permeability Indications of fracture permeability j . - ~c that may contain such minerais; (757.44
variations within CRP-3 are discussed in a latef, ;6,4 63 mbsf). Most of the quartz-dominated
section. Second, the palaeoflaesponsible for sandstones, therefore, were originally quite clean upon

diagenetic precipitation of smggtite and CaICitEEieposition. Indeed, xéural analysis shes that with
responded to palaeopermeabilitpot present .. . .u fraction ecluded, this part of the core is

perm.eab|'l|ty For these hlgh-_porosny sandstonesalmost entirely sand from aevy near shore
authigenic smectite or calcite probably reducef’sometimes beach?) eimonment (Barrett, this

. . . 100
permeability mostly by reducing porositk 5-10% volume). The ewironment, havever, was quite lilely

porosity reduction within CRP-2 and uppermost CRP-__". o )
3 attritutable to calcite precipitation iscgected to marine, as no authigenic corrensite has been detected.

educe permeabily by -S0%. comparatle to thg, [ [% SE21 1o PO [O0 Bleroseopand
effect of ~2% porosity reduction inWer CRP-3 due grap

to authigenic smectite. Both temporal changes aPenIy a single layerwhich represents a single

minor compared to the tvorders of magnitude generation of cement emplacemenie eact time of

permeability diference between these zones. this emplacement cannot be determined from the
current data. & now, we can only speculate on the

relative time of emplacement based on the

DISCUSSION stratigraphic occurrence of the clay coats, the
presence of other cements, and theid history as
AUTHIGENIC CLAY COATS we understand it.

Unfortunately the age of the sediments in which
Many questions hee arisen during the course ofthe authigenic smectites occur (those et 350 m)
this investigation regarding the source, timing andis poorly dated as early Oligocene to possibly
mode of emplacement of the smectite clay coafsocene.The base of the Cenozoic sequence is
described abee, not all of which can be answered aprobably \ery close to the Eocene/Oligocene
the present timeThe results gien abee, havever, do boundary These sediments lie belothe last
showv that the smectite coats, especially those in thdownhole occurrences of calcareous nannofossils and
lower portion of the core, are clearly authigenicdiatoms, the groups that V& proven most useful in
having precipitated from solution awvidenced by: 1) dating the upper portion of the coré@hese
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microfossils date the top 200 m of the core as beirthis volume; Smellie, this @lume). In addition, a
younger tharc. 33 Ma (Chron C13n) (see Haoed highly altered sill vas encountered within the
& Bohaty, Watkins et al., both thisolume).Whether Devonian sandstone beneath (Unit. 17.1). Field
or not the Eocene as reached by the core is aoccurrences of altered Ferrar dolerites in the
subject of considerable debate and speculatiolransantarctic Mountains are unkwmo (Kyle, 1998),
(compare Ehrmann, Florindo et al., Haved & therefore either brial diagenesis orydrothermal
Bohaty Hannah et al.Thorn, and Sagnotti et al., all waters wvas likely responsible in this case.
this wolume).We only knav for certain, therefore, Hydrothermal fluids might be associated with
that the smectite as emplaced in sandstones at leagtenozoic &aulting along the main of the rift basin
33 million years old. Its precipitation, wever, could (Fig. 2; Cape Robertseam, 2000, Figs. 7.7 and 7.8).
have occurred at antime after the deposition of In either case, there seems to be fmiént
those sedimentdlVe can also say that the smectiténtraformational wlcanic material within the
cement formed before the delopment of the sedimentary column to pvile a source of cations for
carbonate cements and noduleswideer, we as yet Smectite formation.

have no other data on the time of this carbonate As to a supply of silica, the alteration odlganic
precipitation. materials mentioned alie would be the most liély

Spotl et al. (1994) list three xwural criteria that source. It should be borne in mindwever, that the
point to early precipitation of chlorite in aSupply of wicanic materials in this quartz-dominated
Pennsylanian resemir sandstone thestudied from Seduence is considerably less than in yahthe
Oklahoma: 1) high intgranular (pore-spaceolumes examples cited in the ‘Puéous Work’ section, such
of the host sediment, 2) thinned coatings betwee#® theWoodbine Sandstone or the Quaternary
contacts of frameork grains, and 3) theatt that all volcanic sands of Guatemala. Noould the basalt
other diagenetic phases appear to postdate the cf%@d dolerite of the Ferrar $ugemup be as silica-rich
precipitation. Our gample from CRP-3 meets all @5 those xamples mentioned ale or for the
three of these criterialhe coatings oeer all of the Tuscaloosa Fm, the andesitic MehrterrRation of
framewvork grains rather uniformlyexcept at the California, and the wyolitic precursors for the Great

relatively few places thg have been closely appressed™!@ins sequence, Ponza and Kirbentonites.

during compaction (armes, Fig. 3a).This indicates Diatoms would hae been one ligly and
gorvenient source of silica although their presence

that the grains were little compacted when the coa e ,
formed, thereby alleing the precipitating fluid access may hae b(_aen scanty judging from their wance
n lower Oligocene strata at the GDS-1 drill site

to most of the grain swates. Subsequent compactiod
has done little to thin the original coafthese grain some 60 km SOUt_h of CRP-Bhe _fact that thg were

relationships are frozen in place where the rocke hapreser‘ed n sedlmer_ns of equalent age or older
been cemented by calcitAt 389.82 mbsf there is down to 700 mbsf in the CIBS-1 core (Cape

little noticeable diference in compaction between theRobertsTeam, 2000, Fig. 5.3), @ver, suggests that

carbonate-cemented and carbonate-free sampltgg'r total absence in thever part of CRP-3 Is due

(Fig. 3). Thus at these depths, little compaction seerr%gT diagenesis. E&n where preseed at the top 200 m

to have talen place since the calcite cementation. | CRP-3, their preseation diminishes mawdly
. . . elov 67 mbsf.
other words, the sediment had reached its maximum . o .
This generalization is contradicted only by the

burial depth when this cementation occurred. presence of pytoliths, a more robst form of

amorphous silica, in the wer portions of the core
(Thorn, this wlume), and trace amounts of fresh
J:)rown, green and colourless glass of subalkaline
composition (beliged derved from Jurassic

sotl_utlonT, Ot?]e must lva aéouhrce.ofl S'“Cdgt.and Kirkpatrick Basalt; Pompilio et al., thisolume) that
cations plus the necessaryypttochemical conditions " 0 e (see discussion balp

(temperature, pressure) plus time for the reaction to
proceed.Volcanic materials are an ideal SOUrCegMECTITE EMPLACEMENT

particularly in cold-climate conditions agisted here,

where chemical weathering is minimdlhese could  As to the mechanism of smectite emplacement, we
be present within the Cenozoic sediments theneselVexplore belav three possibilities.

or as intrusions within the “basement” rocks beneath

SOURCES FOR SMECTITE PRECIRATION

To precipitate authigenic smectite from pore-flui

or adjacent to the rift basin. A case br smectite precipitation during burial
As discussed puously, volcanic materials dered  diagenesis
from the Ferrar Supgroup, occur as clasts anidhdr A case for smectite authigenesis as a result of

particles within CRP-3, particularly in thever burial depends on 1) identifying an adequate source
200 m of the Cenozoic section. Marof the wlcanic of precursor material within the sedimentary sequence
clasts and detrital ygoxenes hae been altered to and 2) on demonstrating that the necessary
smectite (Cape Roberfieam, 2000; Pompilio et al., heat/temperature/time conditions were attained that
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would allov in situ diagenesis to proceedhese two  particularly common bele 660 mbsf, where the coats
factors are xamined belw. are thiclest. If the proportion of these detrital
components can be @k as a rough indication of the
Correlation of Smectite Occuence and Basic amount of ine wlcanic detritus in the core, then the
Intraformational Sedimentary Components primary source for the smectite coatasvdispersed
As indicated in table 1, the authigenic smectitavithin the Cenozoic sedimentShese correlations are
coats are present rather consistently from thi@r from eact, havever, and our ad hoc assumption
lowermost Cenozoic marine sandstone sampled Htat those detrital constituents accurately reflect the
787.66 mbsf up to 335 mbsf, and this might suggesistribution of finer wlcanic materials is unpven tut
that thg precipitated from a uniformly distiilbed and strongly permissie.
well-circulated pore-water medium that &cted this To further test these correlations, wevbka
stratigraphic interal. replotted the smectite occurrenceseji in table 1
On the other hand, minorags in the occurrence against the grain counts (in thin sectionyen in
of the smectite clay coatxend from 486.03 to tables 4.6 and 4.8 as supplemented by more recent
525.36 and 445.23 to 449.47 mbsf, andytkee shore-based data (Smellie, unpublishe@hese
patchy in Samples 455.81 to 475.34 mbshliIrl). correlations are shn in figure 8, where a smectite
The thickest coats occur in thewer 137 m of the abundance cure is fitted visually aver the actual
sequence. In comparing the data, a visual inspectiogcurrences, whereagrpxene grains arexgressed as
with that in table 1 and the CRP18itial Reports percent and by a cuevderved statistically (based on
(2000, Tabs. 4.6, 4.8 and Figs. 4.1 and 4.8) sugges¥-m running means)lhe basaltic lithic wlcanic
the following: grains are alsoxpressed as 50-m running means, and
Ferrar dolerite clasts andypmxene grains include grains of liely Kirkpatrick basalt, basic Vas
(dolerite-denved) are least almdant from 410 to 530 (source undetermined, probably a mixture of
mbsf, which encompasses the inssvwith fav or no  Kirkpatrick and Ferrar dolerites), and graphigttged
smectite coats mentioned aleo Cowersely dolerite grains likely derved from Ferrar dolerites.
clasts, wlcanic lithic and proxene grains are There is an apparent correlation between the

Mbsl Smectite abundance Basaltic lithic volcanic grains (%) Pyroxenc (%)
0 1 2 3 4 ] 4 8 12
0
I I I T I I I
Key: * ¢
I Minor L L
I Abundant
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200
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Fig. 8 - Comparison of smectite
abundance, percent basic
volcanic grains and percent 300
pyroxene grains with depth in
CRP-3. Smectite cuevshavn is

a visual depiction based on
petrographic abndance. Other
curves are statistically desd,
based on 50 m running means.
Despite the lage data scatter
for basic lithic wlcanic grains,
there is a strong correspondence 4y,
with peaks and troughs for
smectite abndance, whereas

there is no obious correspon-

dence between smectite and
pyroxene abndances 800

600
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basaltic lithic wicanic grain abndance and authigenic to form the thick smectite coats within the relaty
smectite occurrenceubnone betweenypoxene grain clean sandstones in theMer portion of the hole.
abundance and authigenic smectitgcept for a ery Taking into account age/depth considerations, the
weak correspondence balds00 mbsf (Fig. 8)We window for authigenic smectite formation, \wvever,
believe that the correlations depicted iigtire 8 would certainly hae been reached by the time the
demonstrate that the intraformational basaltic lithisite passed beneath 800 mbsf, at about 30 Ma
volcanic grains represent a highly dily source for (Fig. 9). The present-dayvarage geothermal gradient
the authigenic smectite, although weveapen the at CRP-3 is about 28°5C/km based on denhole
possibilty of additional contriltions from the dolerite logging, which measured a near bottom-hole

breccias and conglomerates immediately Wwelo temperature of 23C at 870 mbsf and a seafloor
temperature of -18C (Cape Roberts Sciendeam,
Burial History vs SmectitAuthigenesis 2000; Bicler et al., this slume).The gradient is

A subsidence cuerfor the Cape Roberts areasv Somevhat less than the 3£ measured at CIBS-],
calculated based on a Composite of age and deplw‘ilere diatom frustules were presmivthroughout the
data for all three CRP sites plotted from the positioRole. Based on the present-day gradient, temperatures
of CRP-1 (Fig. 9). In essence, the three drill holeat 800 mbsf (near the bottom of the Oligocene marine
were stackd stratigraphicallytaking into account a sequence) wuld hare been 22C at about 30 Ma
slight overlap between CRP-1 and -2, and a S”ghqnd 40 C at 17 Ma, at which point a depth of 1400
gap between CRP-2 and -3 (Cape Roberts ScienBsf was reached (Fig. 9)Temperatures at the
Team, 2000, Fig. 7.9). No accounts/taken for highe;st s.tratigraphic occurrence of guthigenic
compaction, the manunconformities detected in the SMectites in CRP-3 (336 mbsf) at these timesild
section, or the tendepdor the sections to thign to Nae been about 6C and 30 C respectiely. _
the east as shen by the seismic reflection .'Ifhese temperature estimates must be considered
reconstruction inigure 1. Neertheless, this cuevis MiNiMum \alues because temperatures musteha
taken as a reasonable approximation for the minimuf€n higher when rifting as most actie (Moraes &
burial depth &perienced by the oldest Cenozoic2® ROS, 1992 citing Daniel et al., 1989, and
sediment at site CRP-3. Because a madeIcKenme, 1978),i.e. during the Ql|gocene.
unconformity represents most of the early Quaternafyirthermore, there may ha been an influence of
to Miocene interal (between about 1 and 17 Ma) at¥@rm circulating fluids (see Cases 2 and 3 @glo
all sites, the depths sho are takn as a minimum, although ery rapid fluid flov would be necessary to

bearing in mind, hwever, that unconformities could raise ambient temperatures smrahtly.
indicate non-deposition as well as erosion of The absence of these clay minerals &b336
preisting sediments.

Based on the age dates currentlyadable,
sedimentation rates during the early Oligocene we40 30 20 10 0
extraodinarily high, as much as 200 m/m.gowvever, ®
concurrent rifting that created thactoria Land Basin L
was such that the site of deposition remained at sh ®
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depths, close to or sometimes abstorm vave base
(Cape Roberts Sciencéeam, 2000, Fig. 7.4).
Eventually both subsidence and sedimentatiowstb 800
someavhat as the basin appeared to shall@bove oe 1000
580 mbsf in CRP-3; Fig. 2) and the marine sanc P

became cleaner and better sortadglacial influence ® 1200
is indicated by sparse drop stoné¢.380 mbsf, L @ 1400
however, clean sands become rare and are replaced ,1600

muddy sands, muds, diamictites and conglomerates Most lkely i
. . . . f . D oSt ||ke|_§,rwmdo_w_ ﬂ Sediment eroded by ice
subsidence outpaced sedimentation in a glacio-marit for smectite pracipitation | X x
Fig. 9 - Subsidence cuevfor the floor of theVictoria Land Basin

open-shelf emironment subject to mancyclical
at the location of CRP-1 through time, projected by stacking the
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glacial adances and retreats.

Considering the relately basic chemical syatigraphic sections from CRP-2/2A and CRP-3 to the CRP-1 site
composition of the elcanic materials and the scarcity(after Cape Roberts Sciengeam, 2000,i§. 7.6). No corrections

of biogenic precursor materials at CRP-3. ormuld have been made for compaction, unconformities, aults within

¢ ¢ tit thi is t d diﬁhe sectionThe figure shavs rapid subsidence from 34 to 31 Ma,
not pect smeclite authigensis 10 proceed as readiy g yeq by slever subsidence to 17 Ma, with essentially no net

in these sandstones as in maif the more siliceous subsidence from then to the present dale “xxx” pattern
examples cited in the ‘Prous Work’ section. indicates the amount of section beéed to hae been eroded from

Temperatures and pressures abmearsurface the top of CRP-3 by Neogene glacial erosiomgibaing either_
P P about 15 Ma or 2.5 MaThe shaded pattern represents the optimal

cpndltlo_ns W).uld. probably .b? necessary to cause th&indow for precipitation of authigenic smectite from thermobaric
dissolution—difusion—reprecipitation reaction necessaryvaters at Site CRP-3.
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mbsf sets an upper limit on the conditions necessatiye Cape Roberts sites (Fig. 2) and thevkmglacial
for smectite precipitation if temperature and pressut@story of the rgion, one may assume rewab of the
were the primary controllingafctors. It has been post-laver Oligocene sediments at CRP-3 by intense
argued, hwvever, that “temperature &fcts hae been glacial erosion, probably after the formation of a
overemphasized inwaluating mag diagenetic permanent “polar” (dry-based, cold and stable) East
reactions associated withubal” (Surdam & Boles, Antarctic Ice Sheet, lggnning at about 15 Ma or as
1979). In the present case, the loss of permeability ate as 2.5 Ma, depending on which model of ice-
about this lgel (Fig. 7), therefore, as probably a sheet history one wishes to fallo(e.g., see Straen
more important controllingaictor as this wuld have et al, 1998 vs Haraod & Webb, 1998, respeetly,
inhibited the free diusion of ions or the possible as summarized by Miller & Mabin, 1998). Such
circulation of fluids from belw. erosion planed the Cenozoic marine section at CRP-3
In ary event, it appears, based on comparisondown to its present thickness of about 800 This
with other &amples at similar trial depths i(e. the €xcavation of the sediment abe site CRP-3 is
Tuscaloosa Fm, Pittman et al., 1992), thatial indicated onifgure 9.The time that this erosion
diagenesis alone could V& generated the smectiteoccurred is important because revad of the

coats in CRP-3. Some questions remain to b¥ediment abee the site probably reduced the
answered, hwever. overburden by half, thereby remimg the site from

For instance7 we are puzz|ed that Opa|_Ahe realm in which the authigeniC smectitewid

phytoliths and persistent though rare traces dhost likely have formed.

volcanic glass obseed in smear slides auld have

survived in the same setting in which the smectitSummary

precipitated, assuming that the clagsasourced from  Considering the strong correlation between the

that same unitWe do note, hwever, that diagenesis occurrence of the radial smectite coats and

within source units is not necessarilyea. Lerbekmo intraformational precurser materials in addition to a

(1957, p. 31) reported that manithic volcanic burial history conducie to smectite authigenesis, we

fragments as well as scattered glass shards remaif&lieve a reasonably strong case can be madeénfor

unaltered in the Mehrten Sandstone of CaliforniaSitu diagenesis as the origin of the authigenic

whereas others had clearly beenvested to smectite. smectite.The probable winde for its formation of
Regardless of whetherusial diagenesis aloneag the authigenic smectiteas between 30 Ma and 15-

responsible for the smectite in CRP-3, it isdent 2-5 Ma. No matter which time estimate is eakfor

that the temperaturesvialved were neer eleated the truncation of the section by glacial erosion, there

much abwe 60 C, otherwise illite and perhaps quart2V@S ample time (15 m.yor more) for smectite

would have been rpected to formThis is borne out precipitation t_o occur within this windg considering
by the condition of aanic-walled dinoflagellates and NOW fast authigenesis can proceed (Gluyas & Oxtoby

acritarchs, which retained their natural coleren at 199°)-We speculate that the erosion that reet
the bottom of the Cenozoic section Wren, pers. Mmuch of the werlying section, hwever, probably
comm., 2001)This indicates that thyedid not enter p.recludes the possibility of smectite formation at the
theoil-generatingvindow, which beginsatabout75° C. site today

In addition, oxygen-isotope analyses of the
carbonate cements suggest awiltemperature A case br smectite precipitation from
ernvironment.Although thed!®O values are quite hydrothermal waters
negative (-7 to -10%. at 32.39 mbsf ard-18 to - Establishing a case for smectite precipitation based
21%o at 787.84 mbsf), tlyeare attriluted to meteoric on age/depth considerations does not at this time
waters entering the formation from melting glacierpreclude the possiblity of emplacement by other
(F. Aghib, personal communication)Ve agree with mechanismsThe interpreted seismic reflection section
this interpretation because if thesegaBve values shows that CRP-3 werlies an upthran, tilted
were attriluted to elgated temperatures, then thebasement block bounded by a graben to the west
bottom of the Cenozoic sectionowld havre been at (Cape Robert§eam, 2000, Figs. 7.7 and 7.8).
150-200 C (Craig, 1965; O'Niel et al., 1969), which  Microfaults are abndant throughout the CRP-3
is not compatible with thevailable clay mineral and core and “record signidant strain, suggesting the
palynology data. proximity of one or more majorafilts” (Cape Roberts

It should be noted that peasive meteoric-vater ScienceTeam, 2000, p. 200). Brittlealilt zones
flushing of subcrop formations may promote thevident in the core at 257-263 and 539 mbsf (Fig. 2)
leaching of more soluble minerals such as feldspaare characterized by calciteewming and by high-
thereby generating early diagenetic clays such d&sacture permeabilities, based on both loss of drill
kaolinite in warmer climes (Bjgrlykk & Aagaard, fluids into the borehole and temperature anomalies
1992).We hare not yet tried to assess the possibleneasured after drilling (Cape Roberts Sciefieam,
role of such waters at CRP-3. 2000).Additional temperature anomalies indiwatiof

Based on the present-day sediment adiry at drilling-induced flav into zones of high fracture
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permeability occurred at 606, 748, and 840 mbstremely ngative oxygen-isotopic alues recorded in
(Cape Roberts Sciendeam, 2000; Bldak et al., this carbonate within the sandstones immediatelyvalat
volume); the deepest of these corresponds with thi@7.84 mbsf are best interpreted as being indieati
highest core-based fractureuatnlance of the entire of low-temperature mixing of meteoricaters rather
hole. All except the 539-mbsfault zone ghibit high than high-temperatureytirothermal fluids.
log-determined porosities. In contrast, a third inferred It is worth exploring, havever, the possiblity that
shear zone between 790 and 806 mbsf (Fig. hydrothermal fluids at some later stage after smectite
includes cataclastic features, glassy smectite-ricduthigenesis might be responsible for the presence of
matrix, low porosities, and little or no temperaturethe extensive carbonate cements that pade the
anomaly indicatie of fracture permeabilityBoth the central portion of CRP-3c(225-625 mbsf; se&ah 1
Beacon strata and the dolerite intrusion arand Dietrich et al., thisolume). Calcite ifling of
characterized by»xensie faulting and brecciation fractures is common in this intexand in both the
(Cape Robert§eam, 2000Fig. 2.11; supplement, p. 257-263 and 539 mbshiilts. The focused injection
300-301), often associated with the injection of clastiof carbonate-rich ydrothermal fluids along sucladilt
material, features atypical of Beacon strata in outcrquanes such as that at 257-2@®sf might eplain
along theTAM. In addition, why only the middle portion of the Oligocene section
“The deformation is therefore Iy to be due to is penasively carbonate cementeds Pittman et al.
rift-related davn-faulting along theTransantarctic (1992) pointed out, the presence of clay coats does
Mountain Front.This brecciation and mobilisation not afect the precipitation of carbonate cements,
may hae been associated with intrusion-relatedvhich is certainly the case at CRP-3.
hydrothermal actiity” (Cape Roberts Sciencéeam, No other olious source of carbonate has yet been
200Q p. 200). found for the calcite cements in CRP-3 bel800
We recorded a rather isolateduadance maximum mbsf as calcareous micro- and macro-fossils am no
of radial authigenic smectite in three conseceiti and apparently hee always been, rare or absent
samples between 533.26 and 550.03 mbsfo(TL), throughout this portion of the cord@he lack of
which spans the brittleallt at 539 mbsf (Fig. 2). appreciable @anic matter in the section éttler, this
Around this same inteal, Ehrmann (this ®lume) volume) would tend to rule out methanogenic
recorded at 542.7 and 551.7 mbsf anomalously higtarbonate precipitation. On the other hand, the
percentages of smectite measurediagt an internal occurrence of marble in the Cambrian/Precambrian
standard.This he attrilbited to diagenetic processesmetamorphic compbe that underlies the Beacon
along the ldrologically actve fault. Supegroup in this rgion could preide a suitable
A major candidate for pastytrothermal actity carbonate source if these were mobilized by
in CRP-3 is the highly altered intrusion in the Beacouirculating fluids of some acidity
(Unit 17.1). If it was emplaced and altered during the A clast of graphite-bearing marbleaw logged at
Devonian, havever, it is not rel@ant to our current 337.57 mbsf (Cape Roberts Sciernbeam, 2000,
problem. If it is of Deonian age bt was altered by Tah 4.1), which vas attriluted to the amphibolite-
hydrothermal fluids or brial diagnesis during the facies koettlitz Group that crops out south of the
Oligocene, then it may la contrituted cations for Mackay Glacier (Cape Roberts Scieriam, 2000,
smectite precipitation in the Cenozoic sectiorand references thereinY.he Koettlitz Group is
provided those fluids could reach the youngeintruded by the Granite Harbour Igneous Comple
sediments. Hydrothemal fluids mightwveamored which crops out in the Cape Roberts/Mackay Glacier
upward along a dult. It is difficult to ervision, area.Thus, a single clast, which could\eabeen
however, how fluids could hae mored upvard during rafted in from the south, is by no means proof of its
burial diagenesis because thegeolying Beacon occurrence in the basement beneath the CRP-3.
sandstones, although porous and permeable, seem toNevertheless, a general modern analog for the
be devoid of authigenic smectite xeept possibly carbonate cementation at CRP-3 might be the
immediately abwe the intrusion where some deposition of treertine at Minera Terrace (Mammoth
discoloration vas noted in the sandstone (Capéfot Springs) inYellowstone National &k (USA),
Roberts Sciencdeam, 2000). It wuld be much which is sourced by hot, presumably acidic solutions
easier to establish a case fordhothermal actiity if  moving through Pennsyhnian limestones (Ruppel,
the intrusion were emplaced during the Oligoceéke. 1972;Tuttle, 1990).Although this is a astly lager
yet, havever, its date of emplacement is unkvia system operatingver a much longer period of time
Another candidate to indicateytirothermal than aly at CRP3, this xample does illustrate the
activity might be the dolerite breccia within the sheepotential that hot fluids can ke in mobilizing
zone at 790-806 mbsf, which immediately underliesalcium carbonate.
the Cenozoic marine sequenc@As discussed At CRP-3 ay such solutions apparently did not
previously, hovever, both the present-day ingganular reach the sudce in the study area. Mever,
and fracture permeabilites appear to b o this scavenging of carbonate from marbles in metamorphic
fault zone. Secondl]yas discussed abe, the basement terranes by hot solutionsuld be a
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possible mechanism for sourcing the copious amourssipegroup (Cape Roberts Scienteam, 2000, Figs.
of carbonate cement found within the core. 7.7 and 7.8).
As discussed praously the character of the
A case br smectite emplacement by faultdcused sediments in CRP-3 changes upsection at 380 mbsf,
compactional fluids where “well-sorted clean sands become rare and are

There is adult bounding a laye graben just west replaced by muddy sands and mud, diamictites and
of CRP-3 (Fig. 2)As summarized by Burleand conglomerates become more prominent upcore
MacQualer (1992; see references therein), suahité (LithofaciesAssociation 5)” (Cape RoberfBeam,
can be conduits for compactional fluids from deepez000). The muddier sediments, which V&
reserwirs (“thermobaric” fluids) and, during times of considerably reduced permeabilities (Fig. 7), could
fault displacement, can aatly pump or alve fluids. have retarded the upavd maement of “thermobaric”

By these mechanisms, ¢gr wolumes of fluids can be fluids, efectively functioning as the “seal” in the
moved rapidly from one formation to another eithemodel of Burlgy & MacQualer (1992).This might
across aults or along their planes. Pressure decreasgplain why we noted the last consistent occurrence
and fluid cooling may result in the precipitation ofof authigenic smectites at 351.88 mbsf and the last
clay minerals and authigenic quartz. On the othectual occurrence at 335.96 mbsélfT1). This would
hand, dissolution of detrital and authigenicalso plain the absence of such precipitates in the
components may occur in the case of minerals withase of CRP-2, which liesafther to the east of the
retrograde solubilities, such as calcite, as a result tdult and &rther upsection (Fig. 2). Iteould also
cooling (Giles & de Boer 1989). Burlg & allow for a short-term, one-shot emplacement, which
MacQualer (1992) reportedvedence of ault-related would be in lkeeping with the single generation of
fluid flow and diagenetic moddation in may North cementation obseed.

Sea Jurassic reseriv sandstonesThey found that

the...

“concentration of cementation adjacent tulits SUMMARY AND CONCLUSIONS
and at crests of structures, the presence of
temperature anomalies from fluid inclusions and the The &istence of authigenic smectite in CRP-3 is
cyclical nature of cementation all suggest thatlfs confrmed. It was emplaced as a single generation of
exert a major influence on deep subswd diagenesis cementation within marine sandstones in thedo
by controlling fluid flow, fluid mixing and portion of the Oligocene section that has ugdae
localization of cements and porosity enhancementio discernible compaction since carbonate
(Burley & MacQualer, 1992, p. 104). cementation.

These authors present a conceptual modehuwit-f We have made a case for the precipitation of
related fluid meement dwen by compactional fluid smectite during brial diagenesis with necessary
flow in which regional compactie “thermobaric” components sourced fronblzcanogenic materials and
fluids are channeled upavd along a dult plane heavy minerals within the drilled sequencé&/e hae
(Burley & MacQualer, 1992 Fig. 28) before being also made a case for precipitation frogdfothermal
injected into a porous resaiv undegoing dilation. waters associated with possible igneous intrusion(s)
In such a case, the most intense diagenesigldv and nearby dults. Last we he examined a model
occur just beneath a “sealVer the sand bodyOther involving the mobilisation of rgional compactie
authors hae pointed out limitations with such a“thermobaric” fluids along aafult.
model, havever, and contend that thefetts from These models are submitted here as multiple
such fult-focusing of fluids “cannot be woked working hypotheses to be tested by further research.
except to &plain local phenomena” (Bjarlylkk& The most straightforard of these three models is the
Aagaard, 1992). first discussed: that smectite authigenesis occurred

Such a model, leever, might be applicable to the during turial diagenesis. Meteoric aters may heae
situation at CRP-3 in vig of the boundarydult played a role in this scenaridhis model (our Case
thought to lie just west of the site (Fig. 1). FluiddNo. 1) is favored in that all of the necessary
generated at depth in awb-throvn sedimentary conditions seem to lv& been met for smectite
section may hae been injected along thiauit during authigenesis and, in comparison with the others
graben deelopment shortly after the Oligocenepresented, it is the least complicatede.(Occums
sediments at CRP-3 had been deposited. Seismazor is applicable hereY.he other models require
interpretation suggests that the age of the material $pecial circumstances andeamts that are not only
the davn-thrown section wuld likely be early more complicated, Ut which need to be
Oligocene (possibly latest Eocene) (Seismic sequencelependently documented. Because our drill holes
V5; Fig. 1). The graben may also harbor Seismiavere situated on the ngin of a rapidly subsiding rift
sequencé/6, which is thought to include in part thebasin, havever, special circumstances might apply
McMurdo Volcanic Group (upper Oligocene to Of these other scenarios, we consider the
Holocene) as well as yet unsampleald@ogene early hydrothermal model (our Case No. 2) the moseliik
rift volcanic rocks or possibly the Mesozoic Ferranf the two in that there is \@dence of strong
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