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15. ORIGIN OF LOWER EOCENE PALYGORSKITE CLAYS ON THE CÔTE D’IVOIRE-GHANA 
TRANSFORM MARGIN, EASTERN EQUATORIAL ATLANTIC 1

Thomas Pletsch2

ABSTRACT

Palygorskite was identified in lower Eocene clays and porcellanites in Holes 959D, 960A, 960C, and 961A; in upper Albian
to Cenomanian clays with chert in Hole 962B; and in undated clays in Holes 962B and 962C of Ocean Drilling Program Leg
159. Palygorskite is particularly abundant in lower Eocene bluish claystones of Sites 960 and 961, which reach 20 to 30 m in
thickness. Based on the microscopic texture, the mineralogical purity of the palygorskite clays, and on growth relationships,
palygorskite is interpreted to be of authigenic or very early diagenetic marine origin. The lack of typical detrital lithologies or
of sedimentary structures related to resedimentation and the scarcity of clearly terrigenous minerals also argues for in situ for-
mation. Micropaleontologic data indicate that palygorskite formation took place in deep-sea environments with no indication of
significant shallowing. The transformation of pre-existing clay minerals at or closely below the sediment/seawater interface
seems to be responsible for the formation of palygorskite clay on the Côte d’Ivoire-Ghana Transform Margin.

Palygorskite frequently occurs in lower Eocene sediments of equatorial to subtropical paleolatitudes. The formation of
authigenic palygorskite clays at the Leg 159 drill sites is interpreted to be the result of elevated deep-sea temperatures and Mg-
and Si-rich deeper waters. The occurrence of authigenic, deep-marine palygorskite in space and time may correspond to the
areas and to the time periods, respectively, of warm, saline deep-water production.
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INTRODUCTION

The recovery during Ocean Drilling Program Leg 159 of blue pal-
ygorskite clays at the transition from Upper Cretaceous and lower Pa-
leogene carbonate-bearing facies to middle Eocene and younger sili-
ceous deposits has attracted much attention (Fig. 1). The peculiar
mineralogy and the microfossils that were found in the palygorskite
clays have led to speculations about their presumable origin. Benthic
foraminifers in these clays consistently point to deep-water condi-
tions, thus excluding the possibility of a terrestrial or shallow-marine
depositional environment. However, no agreement was reached as to
whether palygorskite formed at the seafloor or whether it entered the
basin as a detrital particle derived from land or shallow lagoons
(Shipboard Scientific Party, 1996b).

Palygorskite, also known as attapulgite, is a magnesium-rich hy-
drous aluminum silicate and belongs to the fibrous clay minerals
group. This group also includes sepiolite, which is more magnesian
and contains less aluminum than palygorskite. In contrast to common
phyllosilicates, palygorskite and sepiolite have a ribbon structure that
is responsible for their fibrous habit. The crystallography, chemical
composition, physical properties and aspects of their geological oc-
currence have been reviewed by Brindley and Brown (1980), Kastner
(1981), Jones and Galán (1988), and Singer (1989). Palygorskit
sepiolite usually are only a minor component of modern sedim
and soils. Only in specific environments do they occur in la
amounts (see below). In this paper, the term “palygorskite clay
used to describe clays that are rich in palygorskite, but that may
contain significant amounts of other clay minerals.

Palygorskite has been used as a mineral indicator for arid or s
arid continental climates because, on the continents, it typically
curs in calcareous soils of arid areas, calcretes and coastal sa
(e.g., Singer, 1984; Chamley, 1989; Weaver, 1989). These env
ments are characterized by a constant or seasonal dominance o

1Mascle, J., Lohmann, G.P., and Moullade, M. (Eds.), 1998. Proc. ODP, Sci.
Results, 159: College Station, TX (Ocean Drilling Program).
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which lead to the enrichment of Mg- and Si-ions in alkaline inter
tial solutions (Singer, 1979, 1989, and references therein). Paly
skite formation in arid soils strongly depends on the enrichmen
these ions at a pH of 8 to 9; salinity appears to play a lesser role
is generally high (Stengele, 1997). Even if palygorskite is rewor
from underlying sedimentary formations, it indicates arid terrest
climate at the time of erosion because it is unstable at annual pr
itation rates exceeding 300 mm per year and probably transforms
smectite (Paquet, 1970).

In present-day seas, palygorskite most widely occurs in offsh
arid regions where modern or fossil palygorskite-bearing format
are subject to erosion. In many of these cases, it has been demo
ed that palygorskite was transported as a detrital particle to the s
rivers or by wind (e.g., Hartmann et al., 1971; Lange, 1975; Cham
et al., 1977; Coudé-Gaussen and Blanc, 1985; Sirocko and La
1991; Fagel et al., 1992). Since palygorskite is stable in seaw
(Weaver and Beck, 1977), it appears that, in marine basins, paly
skite lends itself to paleoclimatic reconstruction because it indic
aridity in the continental source area of the marine sediments.

However, palygorskite also occurs in very distal marine se
ments (i.e., in the central parts of the Atlantic and Pacific Oceans
in other oceanic environments where fluvial or eolian input is thou
to be negligible (e.g., Bonatti and Joensuu, 1968; Bowles et al., 1
Berger and von Rad, 1972; Couture, 1977, 1978; Church and V
1979; Natland and Mahoney, 1982; Karpoff et al., 1989; Gibbs e
1993; Thiry and Jacquin, 1993). These occurrences were explain
resulting from authigenic, diagenetic, or hydrothermal processe
cluding the alteration of pre-existing sediments under warm, Si-
conditions, the alteration of oceanic basalt or serpentinites, or th
rect precipitation from interstitial solutions in veins or in the po
space of sediments. If palygorskite can form at the seafloor or jus
low, its straightforward use as a paleoclimatic indicator is not w
ranted because its formation would reflect sea bottom instea
earth-surface environmental conditions. The genesis and pale
matic significance of fossil palygorskite in marine deposits, the
fore, remains a matter of vigorous debate.

Interest in the origin of palygorskite may arise from its abunda
and widespread occurrence at low latitudes close to the Paleo
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Figure 1. Location of ODP Leg 159 drill sites. Columns display generalized stratigraphy, lithologic units and lithology of the recovered sediments. Insert shows
location of the drill sites at the intersection of the Romanche Fracture Zone with the African continental margin. Arrows indicate palygorskite intervals. P−P =
Pliocene−Pleistocene, Mio. = Miocene, P−E = Paleocene−Eocene. For explanation of symbols refer to Mascle, Lohmann, Clift, et al. (1996).
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Eocene boundary (Robert and Chamley, 1991). Starting in the late Pa-
leocene, a long-term warming trend of both oceanic surface and deep
waters and a concurrent change in ocean circulation has been deduced
from stable oxygen isotopes of planktonic and benthic foraminifers
(review in Zachos et al., 1993, 1994; Corfield, 1994). On the conti-
nents, a generally warmer climate and an extension of warm condi-
tions into high latitudes have been inferred on the basis of paleonto-
logic and isotopic evidence (e.g., Greenwood and Wing, 1995). The
reasons for the inferred changes in oceanic and continental circulation
and global heat transfer, however, remain speculative. This is partly
because critical proxy evidence from low-latitude regions is scarce or
unreliable. Isotopic studies of tropical paleotemperatures are ham-
pered by the unknown salinity of the surface waters, in particular in
low-latitude marginal marine environments where evaporation ex-
ceeded precipitation (Railsback et al., 1989; Zachos et al., 1993,
1994). More information on the climatic and paleoceanographic con-
ditions of these regions is needed, because it was proposed that warm,
saline deeper waters that had potentially driven early Eocene circula-
tion originated in these areas (Kennett and Stott, 1990). As suggested
for the Cretaceous by Couture (1978) and Thiry and Jacquin (1993),
palygorskite growth is favored under warm, ion-enriched conditions
and, consequently, palygorskite in lower Eocene sediments might
serve as an indicator for the sites where warm, saline waters reached
142
down to the seafloor. To understand the paleoclimatic implications of
palygorskite deposits, it is imperative to know whether they represent
detrital input and would thus be related to the terrestrial paleoclimate,
or whether they were formed authigenically at the seafloor, potential-
ly driven by the oceanographic changes of the early Eocene. An in-
vestigation of the origin of lower Eocene palygorskite is, therefore,
highly pertinent to a better knowledge of low-latitude climate during
the Paleocene–Eocene thermal maximum.

The aim of the present study is to document texture and mine
ogy of the palygorskite clays and correlative sediments of Leg 1
based on X-ray diffraction (XRD) analyses and scanning electron 
croscope (SEM) observations. The focus will be on the purest, lo
Eocene palygorskite claystones recovered from Holes 960A, 96
and 961A. A tentative model is presented that integrates the cont
ing modes of palygorskite occurrence with the paleoclimatic situ
tion of the early Eocene.

GEOLOGICAL SETTING AND PREVIOUS STUDIES

During Leg 159, 13 holes were drilled at four sites on the Cô
d’Ivoire-Ghana Transform Margin (CIGTM) in water depth rangin
from 2090 to 4650 m (Mascle, Lohmann, Clift, et al., 1996). All sit
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are located along the strike of the Marginal Ridge (MR), an elongate
basement ridge that separates the Deep Ivorian Basin (DIB) from the
Gulf of Guinea Abyssal Plain (GGAP). Site 959 is situated at the
southern margin of the DIB. Site 960 is only 5.5 km to the south of
Site 959 on top of the MR. Site 961 is located on a deeper basement
elevation of the MR, and Site 962 was placed on a minor ridge farther
southwest (Fig. 1).

The MR probably acted as a morphologic barrier throughout the
Cretaceous to the Holocene of the CIGTM. Marine conditions were
established by the late Aptian–early Albian at Sites 959 and 
(Holbourn and Moullade, Chap. 28, this volume). Between the A
an and Coniacian, coarse-grained detrital carbonates at Sites 95
960 testify to the development of adjacent carbonate platforms, p
ably on top of the MR (Watkins et al., Chap. 26, this volume). For
remaining part of the Late Cretaceous and early Paleocene, str
reduced sedimentation rates and/or current sweeping allowed o
few meters of sediment to be deposited at Sites 960, 961, and
These sediments, replete with hardgrounds and glauconitic la
are overlain by 3 to as much as 50 m of palygorskite-bearing up
most Paleocene and lower Eocene sediments. At Site 959, how
there was continuous sedimentation of 230 m of black, carbonac
claystones of Santonian to late Paleocene age, and only a single
ple at the transition from the black claystones to the overlying, mi
Eocene sediments has yielded palygorskite. At this site, the pale
vironment changed from restricted, marginal marine condition
deeper water hemipelagic, siliceous sedimentation (Kuhnt et
Chap. 31, this volume). Similarly, the palygorskite-bearing interv
at the other sites are overlain by siliceous, often zeolite-bearing
posits of middle Eocene or younger age.

Western African coastal basins and, in particular, the north
shelf of the Gulf of Guinea are classical areas for the study of p
gorskite in Paleocene–Eocene sediments. Skansky (1958) and 
sky et al. (1959) described the stratigraphy and clay mineralog
exploration wells in the Côte d’Ivoire basin, which is the proxim
part of the Côte d’Ivoire-Ghana Transform Margin, and in the Da
mey-Togo basin, some 600 km to the northeast. In the Côte d’Iv
basin, they report the occurrence of abundant palygorskite and 
olite throughout 500 m of Paleocene to lower middle Eocene sha
marine sediments. In the Dahomey-Togo basin, palygorskite 
found in marine sediments with neritic and pelagic fossils of a la
Paleocene to early Eocene age. The palygorskite-bearing int
thickens from 100 to 150 m toward the distal part of the basin. In 
basins, there were two pronounced maxima near the top and the
of the palygorskite series. Millot (1964, 1970) discussed clay min
results from West African sedimentary basins, including the ab
He concluded that the late Paleocene to early middle Eocene w
privileged time for palygorskite and sepiolite formation. Millot pr
posed that these minerals formed during an early Eocene peri
tropical humidity. Intense leaching and the formation of laterite
the continental hinterlands would have brought about the inpu
abundant dissolved elements (including Si and Mg) into lacust
and marine basins. These elements would have precipitated a
bonates, phosphates, siliceous deposits, or as magnesium-rich
minerals such as palygorskite and sepiolite.

MATERIALS AND METHODS

More than 400 samples at a minimum spacing of one sampl
core were selected from cores drilled during Leg 159 for shore-b
XRD analysis of the clay-sized fraction. Palygorskite was detecte
34 of these samples based on the presence of characteristic refle
relating to lattice spacings around d = 10.5 Å, 6.4 Å, 5.4 Å, 4.5 Å,
3.2 Å. All samples were dried at temperatures below 50°C and d
gregated in water. The slurry was washed through a 63-µm sie
remove the sand-sized fraction, which was checked using a bino
microscope and further used for micropaleontologic studies. If di
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gregation in water was insufficient, the samples were dried again
mersed in dilute (c. 10%) H2O2, and the resulting fine material adde
to the previous suspension. Suspensions were treated with 0.2N
drochloric acid to remove carbonates. This process was perfor
while the suspension was kept constantly agitated and the
checked to avoid irregular or overly long exposure to the acid. 
decarbonated suspensions were washed five to 20 times with 
ineralized water to remove excess ions. If after 20 washings the
still flocculated, one drop of 30% HNO3 was added. This treatmen
always led to dispersion of the clays. Separation of the clay-s
fraction (<2 µm) was achieved by sedimentation in glass jars and
sequent inhalation of the upper 1.5 cm with a syringe. Stoke’s 
was applied for the determination of the settling times. The clay f
tion was concentrated in a centrifuge, and the resulting paste
spread into a calibrated recess cut into common glass slides.

Preparation and measurements were performed at the Labora
de Sédimentologie et Géodynamique, Université de Lille, France
cording to the routine procedures used in that laboratory (Holtzap
1985). A Philips PW1710 diffractometer equipped with a Cu tu
and a Ni monochromator was used with the following settings: 40
25mA generator tension/current, 1° fixed divergence slit, 0.1° rec
ing slit, sample spinner on. All samples were scanned three time
step-scan mode with 1 s per step of 0.02° 2Θ, air-dried and glycolated
(12 hr under vacuum at room temperature) mounts from 2.5° to 3
2Θ, and heated mounts (2 hr at 490°C) from 2.5° to 14.5° 2Θ. No
mineral percentages were calculated from the X-ray diffraction d
but the original diffractograms are shown. This approach was cho
because it is problematic to obtain meaningful numerical values f
X-ray intensities of oriented mounts made from mixtures of miner
with different crystal habits and structures, as is the case for fibr
palygorskite and other, flaky phyllosilicates (Moore and Reynol
1989; López Galindo et al., 1996).

Additional samples were available from splits of the shipboa
micropaleontology samples. These were often too small for clay 
aration and were only prepared for bulk-rock XRD and SEM. Bu
rock samples and aliquots of most clay samples from the paly
skite-bearing intervals were analyzed at the Geologisch-Paläon
gisches Institut (GPI) and Geomar Center for Marine Research o
University of Kiel on diffractometers with different settings for com
parison, but are not shown here. Electron microscopic observat
were performed on a CamScan scanning electron microscope w
coupled EDAX energy dispersive spectrometer (EDS) at beam 
rents between 15 and 20kV at GPI. Samples for SEM were not tre
with water or chemicals, but dried at room temperature and mou
on aluminum stubs with a two-component glue. The glue was cu
overnight at temperatures below 50°C. The sample was then br
above the glue and coated with carbon and a gold/palladium allo

Onboard determination of palygorskite was made using the sh
diffractometer (Shipboard Scientific Party, 1996a). In smear slid
we found that aggregates of palygorskite clay (as determined f
bulk-rock XRD) showed a characteristic, rectangular extinction p
tern under the polarizing microscope that was not observed in s
ples without palygorskite. In the present study, however, this crit
on was used only to indicate the presence of palygorskite in on
terval, where sampling was restricted to smear slides.

RESULTS

Palygorskite was identified only in specific intervals of Hole
959D, 960A, 960C, 961A, 962B, and 962C, which will be referred
as the “palygorskite intervals” (Fig. 2). Age assignments in the 
lowing documentation of the lithology, XRD results, and SEM obs
vations of samples from these intervals are based on shipboard
stratigraphic determinations (Mascle, Lohmann, Clift, et al., 19
and on data by Erbacher (Chap. 29, this volume). The reported
stratigraphic data may be subject to further refinements (see Big
143
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Chap. 33; Oboh-Ikuenobe et al., Chap. 25; Shafik et al., Chap. 32, all
this volume).

Hole 959D

In Hole 959D, at a present water depth of 2091 m, palygorskite
was identified in a single sample (159-959D-39R-4, 66−70 cm,
778.96 mbsf), but it was not detected in samples above and below
(Fig. 2). The age is between early Eocene calcareous nannoplankton
Subzones CP9b and CP10 (Shipboard Scientific Party, 1996c). The
144
sample is from a light greenish gray (5G 6/1 to 5G 5/1) interval,
which, according to smear slides and bulk-rock XRD, consists mostly
of micritic calcite and diagenetic microquartz with calcareous nanno-
fossils.

Hole 960A

In Hole 960A, at less than 6 km distance to Site 959 and in a
present water depth of 2048 m, the palygorskite interval lies between
~175 and 125 mbsf. Palygorskite-rich clay, however, is confined to a
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Figure 2. Occurrences of palygorskite as detected by X-ray diffraction of the clay-sized fraction (<2 µm) or of the bulk sediment by scanning electron micro-
scopic or light microscopic observation of smear slides. No palygorskite was detected in samples directly above Cores 159-960A-15R and 159-960C-18X or in
any samples from the studied holes other than the ones above. Note the variable thickness of the palygorskite-bearing intervals indicated by shading.
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narrower interval, from the top of Core 159-960A-20R to 16R-CC.
This interval spans Subzones CP9 through CP10 (Shipboard Scien-
tific Party, 1996d). It is underlain by pieces of Upper Cretaceous cal-
careous and phosphatic hardgrounds and 70 cm of undated glauconite
clay. The glauconite clay contains abundant limestone and dolostone
fragments and calcareous shell and fish debris, including abundant
scales. Comparison of diffractograms (Fig. 3) from clay separates of
a glaucony-rich (159-960A-21R-1, 26−28 cm) with a glaucony-poor
(21R-1, 34−39 cm) interval reveals few qualitative differences. The
glaucony-rich sample displays higher intensities for a 7 Å mine
that would conventionally be assigned to kaolinite. However, as d
umented below, reflections at or around 7.15 Å and 3.58 Å were o
encountered in samples from lithologies with intensely green colo
with abundant glaucony grains. The minerals corresponding to t
reflections are thought to be odinite or berthierine, two ferrifero
authigenic or early diagenetic clay minerals, rather than kaoli
(Bailey, 1988; Odin et al., 1988).

The first appearance of palygorskite upsection is in Sample 1
960A-20R-CC, Paleo-Split, a broken, coarsely crystalline barite n
ule. Palygorskite in this sample was observed with the SEM 
found to protrude from freshly broken surfaces of the barite crys
(Pl. 2, Figs. 5, 6). Subparallel lenses of palygorskite were appare
overgrown by the coarse-grained barite crystals that constitute
nodule. The first XRD determination upsection is in Sample 1
960A-20R-1, 92−94 cm. Palygorskite was detected in two more sa
ples from this core. It occurs in bluish green (5BG 4/1 to 5BG 5
clays with intercalated barite nodules and irregular concentration
barite crystals. Sepiolite was found in two of the three clay fracti
analyzed from this core. At the top of Sections 159-960A-20R-1 
20R-CC, pieces of brownish gray (5Y 5/1) carbonate grainstone
cur with some fish debris. Bulk XRD indicates the presence of a
lomitic/ankeritic carbonate besides dominant calcite. The interc
tion in this core of sediments with Late Cretaceous and early Eoc
ages may result from the reworking of adjacent Cretaceous h
grounds during the early Eocene or, less probably, from drilling d
turbance. There appears to be a hiatus from the latest Cretaceo
the early Eocene.

Four clay separates of samples from Core 159-960A-19R
yielded abundant palygorskite (Fig. 3). Samples from the core cat
are among the purest palygorskite clays encountered on Leg 159
only minor smectite present. Viewed with the SEM at low magnifi
tion, these samples display an open texture of loosely aggreg
mats consisting of bundles of subparallel fibers (Pl. 2, Figs. 3,
Clays at the bottom of Section 159-960A-19R-1 and in the core ca
er are bluish gray (5B 5/1), whereas color gradually shifts to gree
grey (5BG 5/1 to 5G 4/1) toward the top of the core. Two samp
from the greenish clay show intense reflections of a 7Å-mineral 
are possibly caused by the presence of the green marine clays o
or berthierine, as in the greenish clay of Hole 960A. The gree
clays display a less porous texture than the bluish clays. The fib
minerals form a dense web without fraying edges, which covers o
mineral grains (Pl. 2, Figs. 1, 2).

Recovery was zero for Core 159-960A-18R and very low in Co
17R and 16R, probably because of the presence of chert. Bulk-
XRD yielded variable, partly very high intensities for palygorskite
samples of the latter two cores. In Core 15R, black porcellanites 
zeolite, glauconite, and clay were recovered. The dark color is ca
by very high pyrite (10% from a visual estimate) and organic ma
contents (6.4 wt%). Although the quality of diffractograms from cl
separates of this lithology was generally poor, a small peak at 10
attributed to the presence of palygorskite, appears. Samples 
above this core contain smectite, kaolinite and minor illite, but 
palygorskite.
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Hole 960C

Hole 960C, which is ~100 m to the north of 960A, lies at a prese
water depth of 2035 m. The base of the palygorskite interval w
found at the base of Section 159-960C-23X-1 (198.85 mbsf), but 
interval may reach down to ~207 mbsf. As in Hole 960A, minor p
lygorskite still occurs >50 m above this level in Core 159-960C-18
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Figure 3. X-ray diffractograms of glycolated clay separates (<2 µm) from t
palygorskite interval of Hole 960A. S = smectite, P = palygorskite, Sep
Sepiolite, Z = zeolite (probably clinoptilolite), I = illite, Q = quartz, CT =
opal-CT, 7 Å = 7-Å mineral, probably odinite/berthierine.
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but palygorskite-rich clays are restricted to a 20–30-m interval 
tween Cores 23X and 21X. The age of this interval falls between S
zones CP9b and CP10. It rests on an Upper Cretaceous brown 
phatic skeletal grainstone with phosphatic fish debris, similar to
sequence of Hole 960A, but without the glauconite clay at the tra
tion from the carbonates to the palygorskite clays. The absence o
lithology may be a result of the poor recovery.

In Core 159-960C-23X, bluish (5B 5/1) clays are crudely int
laminated with more brownish gray (5Y 4/1) laminae, which cont
slightly more organic debris than the bluish laminae. These c
have yielded strongly corroded nannofossils, indicating an e
Eocene (CP9b/CP10) age. Irregular accumulations of barite cry
or subspherical barite nodules are intercalated with the clays. No
nificant change occurs from Cores 159-960C-23X through 21X, 
cept for the occurrence of different siliceous, clayey, carbonate,
baritic lithologies in close contact in Section 22X-CC. SEM obser
tions and EDS measurements of an undisturbed piece of clay 
sand-sized barite and dolomite crystals (Sample 159-960C-22X-
Paleo-Split) revealed that the interstices between the crystals
filled with coccoliths and fibrous magnesian silicates that are thou
to be palygorskite (Pl. 4, Fig. 3). Many crystals and coccoliths 
covered with fibers. Curved fibers penetrate the central apertur
coccoliths (Pl. 4, Figs. 4, 5). Silicate strands, possibly also of paly
skite, bridge open joints between barite crystal faces (Pl. 4, Fig
Clay separates of Cores 159-960C-23X through 21X all con
abundant palygorskite, and variable amounts of smectite and se
lite are present in three out of nine samples (Fig. 4).

Only 10 cm of chert rubble was recovered in Core 159-960C-2
and Cores 19X through 18X consist of dark brown to very dark gr
ish brown porcellanites with variable contents of zeolite, carbon
and clay, and high organic carbon content. As in Core 159-96
15R, the diffractograms of clay separates from this lithology are p
but two of them display minor peaks at 10.5 Å, indicative of palyg
skite. Additionally, SEM observation of Sample 159-960C-18X
107−110 cm, has revealed the presence of mineral flakes attach
radiolarian skeletons that are composed of fibrous minerals 
curved, spaghetti-like crystals that grow out of the skeletons (P
Figs. 1, 2). The skeletons themselves are completely replace
opal-CT. However, from the electron microscopic evidence alon
is difficult to determine whether the curved minerals are palygors
or whether they are a morphological variety of opal-CT similar to 
one of nearly the same age described by Thein and von Rad (1
from the western North Atlantic DSDP Site 605.

Hole 961A

In Hole 961A, drilled at a present water depth of 3303 m on 
westernmost exposure of the Marginal Ridge, the palygorskite in
val lies between 148 and ~170 mbsf and, except for the very b
falls entirely in calcareous nannofossil Zone CP10 (Shipboard Sc
tific Party, 1996e). The lithologic context differs from that in Hole
960A and 960C: the palygorskite clay is underlain here by at leas
m of middle to upper Paleocene nannofossil porcellanite and gla
nitic porcellanite with clay (Core 159-961A-20R and top of 21R) th
do not contain palygorskite, but almost pure smectite, in clay se
rates (Fig. 5). Samples from Core 159-961-19R contain variable
generally minor amounts of palygorskite. Sample 19R-CC, 8−11 cm,
a solid piece of light gray, bioturbated sparry nannofossil carbon
with clay and needle-shaped barite crystals, was studied by S
Blocky calcite has partly overgrown some of the coccoliths, wher
they are relatively well preserved in the clay-filled interstices b
tween the carbonate crystals (Pl. 3, Fig. 1). Hardly any fibrous m
erals can be discerned, although palygorskite has been detecte
minor component in clay separates by XRD. However, flaky silic
minerals, interpreted to be smectite, are attached with their edg
146
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the faces of the blocky carbonates (Pl. 3, Fig. 2). This must have h
pened after the carbonate crystals overgrew the coccoliths.

Palygorskite clay appears upsection in Core 159-961A-18R, co
taining only 13 cm of sediment. Clay separates contain abundant p
ygorskite, smectite, and minor sepiolite. With the SEM at low ma
nification, a wavy laminated texture is observed (Pl. 1, Fig. 3). Tape
ing strands and bundles of fibrous minerals rise from the laminae a
project into the voids between them (Pl. 1, Fig. 4). Although this la
ter texture may be an effect of the drying for sample preparation
because of dewatering in the SEM’s high vacuum, a look on the la
inae or at more massive parts of the samples shows that it is co
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Figure 4. X-ray diffractograms of glycolated clay separates (<2 µm) from t
palygorskite interval of Hole 960C. See Figure 3 for abbreviations.
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pletely constituted of larger flakes made up of interwoven fibers and
some smaller, platy minerals (Pl. 1, Fig. 5). The platy minerals often
display a pseudo-hexagonal habit reminiscent of well-crystallized ka-
olinite (Pl. 1, Fig. 6), but only palygorskite, sepiolite, smectite, and
some zeolite were detected by XRD in this sample. Although the na-
ture of the platy minerals remains unknown, the fibrous minerals that
grow on their faces and edges are thought to be palygorskite or sepi-
olite, based on the high Mg intensities detected by EDS. Abundant
palygorskite also occurs in the clays completely disturbed by drilling
between pieces of solid chert in Core 159-961A-17R. It is important
to note that Cores 18R and 17R both contain abundant, well-pre-
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Figure 5. X-ray diffractograms of glycolated clay separates (<2 µm) from
palygorskite interval of Hole 961A. See Figure 3 for abbreviations.
served radiolarians and that Cores 20R and 16R yielded benthic for-
aminifers indicative of lower bathyal to abyssal depths for the entire
palygorskite interval (Shipboard Scientific Party, 1996e). No pa-
lygorskite was found above Core 159-961A-17R.

Hole 962B

Hole 962B was drilled in 4537 m of water on the southern margin
of an isolated ridge along the strike of the Marginal Ridge. Two dis-
tinct palygorskite intervals were encountered in Core 159-962B-8H
(Fig. 2). Below this core, Albian–Cenomanian cherts and porce
ites in Core 9H did not yield any palygorskite (Fig. 6). The lower 
lygorskite interval is of Cenomanian age (Holbourn and Moulla
Chap. 28, this volume) and comprises Sections 8H-5 through 8H
Erbacher (Chap. 29, this volume) found common radiolarian sk
tons covered with fibrous minerals in this interval. Caution is nee
however, because these sections are heavily disturbed either by
ing or by sedimentary mixing of chert, glauconitic clay, and palyg
skite clay (Shipboard Scientific Party, 1996f). Because of the 
known extent and type of disturbance and the resulting uncerta
in the age determination of the different components of the lowe
lygorskite interval, it will not be further discussed. However, it is 
portant to note that in the overlying interval with only slightly d
turbed Turonian to Santonian glauconitic hardgrounds (begin
with Sample 159-962B-8H-4, 85−86 cm, through Sample 8H-4, 2−4
cm) no palygorskite but only a smectitic mineral and very minor i
were detected. This palygorskite-free interval presumably rea
upsection to Section 8H-3, 135 cm, where the glauconite h
grounds are overlain by bluish clay of the upper palygorskite inte

The upper palygorskite interval comprises Sections 159-96
8H-3 through 18H-1 and consists of bluish to pale green, mostly 
inated, but partly strongly bioturbated clays with zeolite and glau
nite pellets. In the richest palygorskite sample from this inte
(Sample 159-962B-8H-2, 89−94 cm), SEM observation shows a
open texture of larger, composite flakes, made up mostly of cu
fibers (Pl. 3, Figs. 3, 4). Palygorskite is less abundant in samples
Sections 159-962B-8H-1 and 8H-3, which were both taken in da
greenish lithologies. In Sample 8H-3, 100−112 cm, dark green peb
bles are abundant. A green pebble of this sample displays high
readings than the matrix with the SEM in EDX mode. Internally, 
pebble displays an open texture of flaky minerals with common e
to-face contacts (Pl. 3, Figs. 5, 6), which resembles the honeyc
texture of some authigenic clay minerals (Welton, 1984). As in H
960A, this 7 Å-mineral is probably an authigenic, ferriferous c
mineral (odinite or berthierine).

The upper palygorskite interval, which only yielded abund
shark teeth and undeterminable radiolarians (Erbacher, Chap. 29
volume), is undated. The underlying sediments are of late Turo
to Santonian age and sediments in Core 159-962B-7H were da
lower Miocene, which helps little to bracket its biostratigraphic a
Based on the close lithologic and mineralogic similarity and on
lack of palygorskite in Upper Cretaceous sediments at Sites 959
960, the upper palygorskite interval in Core 8H is tentatively co
lated with the lower Eocene palygorskite clays at the other Leg
sites.

Hole 962C

In Hole 962C, which was drilled 50 m west of Hole 962B, 14 
of bluish palygorskite clay was recovered in Section 159-962C-1
above an irregular piece of black manganese hardground and 
ceous nodule in a matrix of glauconite clay in Section 1R-CC. 
age of Core 1R is undetermined. Because of the low amount o
terial, sampling was restricted to smear slides. The designation a

the
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ygorskite clay is based on the typical rectangular, netlike extinction
pattern of clay aggregates in smear slides and on its bluish color.

ORIGIN OF PALYGORSKITE AT LEG 159

The conspicuous blue color and the intercalation of the Leg 159
palygorskite clays with coarsely crystalline barite nodules are among
the macroscopic features that set these clays apart from common ma-
rine sediments. These clays are also remarkable because of the high
concentrations of palygorskite compared with many other marine oc-
currences. In the following discussion, four groups of genetic pro-
cesses will be evaluated that might explain the occurrence of
palygorskite clay at the Leg 159 drill sites:

1. Detrital input from the erosion of authigenic deposits that
formed on land or in shallow lagoons;

2. Alteration of pre-existing sediments by diagenetic or hydro-
thermal fluids;
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Figure 6. X-ray diffractograms of glycolated clay separates (<2 µm) from
palygorskite interval of Hole 962B. See Figure 3 for abbreviations.
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3. Alteration of pre-existing sediments by lateral flow of saline
brines; and

4. Authigenesis at the sediment surface or closely below.

Detrital Input

It is widely held that deep-marine palygorskite deposits are over-
whelmingly detrital and that palygorskite and sepiolite “do not see
to significantly develop in . . . deep-sea deposits” (Chamley, 198
This view is based on the lack of an actualistic example of marin
authigenic formation, on the common co-occurrence of palygorsk
with detrital minerals and on the short crystal forms of palygorski
seen under the transmission electron microscope. In some cases
occurrence of palygorskite in turbidites and other redeposited se
ments and decreasing proportions of palygorskite in a basinward
rection have been invoked as further support for its detrital orig
(Mélières, 1978; Chamley and Debrabant, 1984; Pletsch et al., 19
Pletsch, 1997). At other instances, the detrital origin of marine p
lygorskite is difficult to prove because of the lack of detrital minera
and other sedimentologic evidence for resedimentation, or beca
the proposed continental or nearshore deposits, where palygors
should have formed, are eroded, thermally altered, or unknown 
cause of tectonic processes.

As has already been pointed out by Robert and Chamley (199
there is a discrepancy between the occurrence of palygorskite in 
leogene deposits of the marine coastal basins along the Gulf of G
ea and the existence of coeval lateritic, kaolinite-bearing soils 
crusts without palygorskite at adjacent terrestrial sites (Millot, 196
1970). Robert and Chamley (1991) inferred that palygorskite form
tion must have taken place in shallow marine lagoons adjacen
these continental areas. In this model, palygorskite would have b
eroded from the marginal marine environments and transported to
deep sea (e.g., during times of marine transgression). Several aut
have even observed authigenic fabrics in detrital palygorskite agg
gates that resulted from reworking of marginal marine palygorsk
(Coudé-Gaussen and Blanc, 1985; Daoudi et al., 1995). Althou
such a model may account for the purity and authigenic texture of 
Leg 159 palygorskites, it fails to explain that there is no evidence 
detrital palygorskite aggregates of any scale and that sedimen
structures are limited to lamination, and, rarely, to bioturbation. 
addition, a nearshore origin of the Leg 159 palygorskites is difficu
to reconcile with the observed seaward-increasing thickness of 
palygorskite interval in adjacent coastal basins (Skansky, 1958). 
rect detrital input of terrestrial palygorskite might have played an im
portant role at other localities, but does not seem to account for its
currence at the Côte d’Ivoire-Ghana Transform Margin.

Alternatively, palygorskite may have been supplied from arid a
eas at subtropical latitudes by large scale wind transport, which is
fective in the transport of mineral aerosols, including palygorskit
toward the sea (e.g., Tomadin and Lenaz, 1989; Sirocko and Lan
1991; Fagel et al., 1992). In a recent simulation of late Paleocene
mate, the Leg 159 paleoposition would correspond to the bounda
between large-scale areas of strong net precipitation and of strong
evaporation (O’Connell et al., 1996). Hence, tropical rains may ha
washed out eolian detritus transported either in the southern tr
wind belt or via northerly monsoons, at the then very sharp south
boundary of the inner-tropical convergence zone (ITCZ) (O’Conne
et al., 1996). However, this scenario does not account for the au
genic texture of the Leg 159 palygorskites and for the virtual abse
of detrital minerals in the palygorskite clays.

Electron microscopic observations of Leg 159 palygorskites ha
shown that this mineral, as independently identified by XRD, ofte
displays an interwoven fabric of fibers that enmesh other partic
and of delicate morphologies that can hardly result from depositio

the
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processes. Minor quartz that was detected in a number of samples
probably only reflects its stability in an environment where other
minerals were altered. Moreover, quartz is mostly absent from the
purest palygorskite clays. Bulk-rock X-ray diffraction analyses often
show the highest intensity on the 10.5 Å peak of palygorskite. S
pure clay mineral assemblages typically occur where sedimen
mixing processes have either been overridden by a strongly sele
mechanism (i.e., repeated gravitative separation) or where they
been overprinted by subsequent mineral alteration (Chamley, 1
Thus, very pure clay mineral assemblages are rare in environm
that are controlled by erosion and detrital mixing of sedimen
components.

Diagenetic or Hydrothermal Alteration

As witnessed by the common occurrence of opal-CT, zeolite, 
most strikingly, the barite nodules encountered at Site 960, diage
processes have played an important role in the palygorskite inte
Significant mass transfer through the clays must have taken pla
accomplish the formation of the latter, and similar movement
chemical elements leading to palygorskite formation may be e
sioned. The common occurrence of palygorskite in close contact
siliceous deposits has led to the hypothesis that the conversion o
genic opal-A to opal-CT and the concurrent release of Mg allo
for the diagenetic transformation of smectite or opal itself to p
gorskite and sepiolite (e.g., von Rad and Rösch, 1972; Donnelly
Merrill, 1977). However, it is difficult to understand why palygor
kite occurs at very different burial depths in lithologies as differen
those encountered during Leg 159, yet usually restricted to a na
stratigraphic interval, the middle early Eocene. The absence of
ygorskite in the 350 m of Eocene to Oligocene porcellanites 
cherts of Site 959 or in the cherts underlying the palygorskite inte
in Core 159-962B-8H is not in favor of such an explanation.

Marcano et al. (Chap. 8, this volume) have invoked a possibl
lationship between the occurrence of barite nodules in the palyg
kite intervals and the precipitation of barite vein fills at Sites 959 
960 from warm formation waters that originated at greater dep
However, the barite nodules found at Sites 960 and 961 bear 
similarities to stratiform barite nodules known from hydrotherma
unaffected localities. These nodules formed at times of interrupt
in sediment accumulation as a result of organic matter decay i
deep ocean or within the upper meters of the sedimentary co
(Bréheret and Delamette, 1989; Jewell, 1994). Moreover, SEM
servations have clearly shown that the precipitation of nodular b
postdates palygorskite growth (Pl. 2, Figs. 5, 6).

Bowles et al. (1971), Bonté et al. (1980), Bonatti et al. (198
Karpoff et al. (1989), and Gibbs et al. (1993) studied relatively p
palygorskites and sepiolites that were recovered in the proximit
ultramafic basement ridges, active spreading ridges, or oceanic
ture zones. These authors interpreted the occurrence of fibrous
to be a result of direct precipitation from hydrothermal solutions 
interacted with seawater or from seawater that had leached Mg a
from basalt, or from the alteration of ultramafic rocks. Because
Côte d’Ivoire-Ghana Transform Margin is the prolongation of 
Romanche Fracture Zone, a similar origin of palygorskite and se
lite at these sites may be suspected. In all of the above cases, h
er, the fibrous clays were found to be in immediate contact with e
basaltic or ultramafic basement, disseminated in volcanogenic 
ments rich in feldspar and pyroxene, or in veins made up exclus
of palygorskite. No such lithologic association and no palygors
veins were found at the Leg 159 drill sites. The closest occurren
oceanic basement is located downslope from Site 962, which, 
ever, displays a relatively thin palygorskite interval. The thickest
ch
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tervals with the purest palygorskite clay were found at Sites 960
961 that are clearly located on continental basement (Mascle, 
mann, Clift, et al., 1996). Because of the presence of some well-
served radiolarians, or minerals like opal-CT and possibly odin
berthierine, which would not have survived temperatures higher than
60°–80°C (Riech and von Rad, 1979a, 1979b; Hornibrook and Lo
staffe, 1996), elevated burial temperatures or hydrothermal f
through the palygorskite clays are unlikely.

Alteration by Lateral Flow of Salt Brines

It has been proposed, on the base of the co-occurrence in the
depth intervals along the West African margin of palygorskite and
increased magnesium concentration and salinity, that this min
formed as a result of continuous precipitation of ion-enriched bri
(Gieskes, 1981). Considerable evidence points to the possibility
these brines originated on the continents, then moved down the
tinental slope, where they passed the salt domes of this area and
up salinity before they precipitated some of their dissolved load in
porous sediments (sandstone, porcellanite) where palygorskite
found (e.g., Couture et al, 1978; Gieskes et al., 1980). In fact, tr
of palygorskite were found in the porous porcellanites immediat
overlying the palygorskite clays at Site 960. However, authige
fabrics found within the palygorskite clays are pervasive and are
restricted to interstices or specific horizons, as would be expect
precipitation would take place in a confined aquifer. Instead, poro
displays distinct minima in the palygorskite intervals at Sites 959 
960 (Shipboard Scientific Party, 1996c, 1996d). Although porosity
the latter lithologies was certainly higher before compaction or al
ation, it is difficult to understand why there is no or very little pa
ygorskite in the sediments above and below these intervals that r
very high porosities until the present. Moreover, no evidence 
found for salt accumulations along the Côte d’Ivoire-Ghana Tra
form Margin, and decreases rather than increases in salinity and
concentrations were observed at the depths where palygorskite
curs during Leg 159 (Mascle, Lohmann, Clift, et al., 1996).

Authigenic Growth Close to the Sediment Surface

Contrary to the “detrital palygorskite” model of Chamley, Wea
er, and others, several authors proposed that palygorskite form
is feasible at the deep seafloor (Millot, 1964, 1970; Couture, 19
Kastner, 1981; Karpoff et al., 1989; Thiry and Jacquin, 1993). Th
authors cited among the factors that would favor palygorskite gro
increased input of Mg and Si-ions (probably from weathering so
tions), low Al-activities, higher ambient temperatures, an alkal
pH, and prolonged residence times of minerals at the sediment
water interface.

Actualistic models may not be appropriate to explain palygors
occurrence prior to the Neogene: Palygorskite is found much m
frequently in mid-Cretaceous to early Cenozoic than in younger
posits. Peak abundances are in marine sediments of the Late C
ceous and Eocene (Kastner, 1981; Callen, 1984). Except for the
er palygorskite interval in Core 159-962B-8H that is of a Late Cre
ceous (Cenomanian) age, the palygorskite clays of Leg 159
confined to the middle early Eocene (mostly calcareous nannofo
Subzone CP10). This restriction of palygorskite to a narrow str
graphic interval points toward a process that was limited to the sam
time period. As shown above, detrital, hydrothermal, or late diage
ic processes do not account for the mineralogical and textural cha
teristics of the palygorskite clays. However, the higher water tem
atures and increased ion-content that are required for palygor
formation were very probably realized in the early Eocene trop
oceans. The major occurrences of palygorskite in space and tim
149
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incide with both the episodes and the areas that were proposed for the
production of late Paleocene warm, saline deep water (e.g., O’C
nell et al., 1996). It is thus speculated that the reason for the forma
of warm, saline deep waters may have been the same as for th
mation of marine authigenic palygorskite (i.e., well-developed zo
of strong net-evaporation). The evaporative conditions were po
tially responsible for the production of warm brines in the extend
shallow seas that were able to travel down the continental slope
form the intermediate and/or deep waters as a result of their sali
reduced buoyancy (Brass et al., 1982; Busson, 1984). If it is assu
that the physico-chemical conditions of hypersaline lagoons have
riodically or continuously expanded toward the open sea and eve
ally reached the deep seafloor, then the hypothesis of transform
of pre-existing minerals to palygorskite at the seafloor is viable.

Although the transformation of another mineral to palygorskite
self has not been proven, there is little doubt that the palygors
clays of Leg 159 formed close to the Eocene deep seafloor after
osition of the sediment. Similarly, there is no direct evidence for 
formation of the studied authigenic palygorskite through alteration
pre-existing minerals by warm-saline deep waters at the present 
However, from the physico-chemical prerequisites cited above an
the absence of another plausible genetic mechanism, it is though
the authigenic palygorskite found at the Leg 159 drill sites formed
transformation of smectites or other clay minerals in the presenc
excess silica, magnesium, and alkalinity. These waters were prob
supplied by the same brines that constituted the warm, saline de
waters proposed for the early Eocene ocean (Kennett and S
1990).

CONCLUSIONS

Lower Eocene palygorskite clays of Leg 159 are thought to h
formed through an as yet unknown, early postdepositional pro
close to the deep seafloor. This assumption is based on the authi
texture of palygorskite clays in the electron microscope, on their m
eralogical purity, on the lack of indications for reworking, hydrothe
malism or burial diagenetic phenomena, and on the coeval oc
rence of autochthonous bathyal to abyssal benthic foraminifer as
blages. In the early Eocene, palygorskite was a common compo
of marine clays deposited in tropical and subtropical latitudes. 
speculated that elevated deep-water temperatures, Mg- and Si-a
ities, reduced terrigenous input, and a presumably higher alkalinit
the early Eocene oceanic deeper waters led to the transformati
pre-existing clay minerals to palygorskite at the sediment/seaw
interface or closely below. Abundance of authigenic palygorskite
the early Eocene at Leg 159 indicates the position of well-develo
zones of net evaporation over the equatorial Atlantic and proba
corresponds to phases when oceanic circulation was driven by w
saline deep waters produced in low-latitude seas.
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LOWER EOCENE PALYGORSKITE CLAYS
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Plate 1. Scanning electron micrographs. 1. Sample 159-961A-17R-CC, Paleo-Split, from the top of the palygorskite-bearing interval, almost entirely consists of
opal-CT lepispheres and euhedral zeolite crystals. Clay was found to cover some lepispheres (middle right). Calcareous nannofossils and spherical tests (calci-
spheres?) also occur. 2. Sample 159-960C-18X-1, 107−110 cm. Lithology similar to 1. Spherical test (calcisphere?) with euhedral zeolite crystal inside. Matrix
consists of opal-CT lepispheres covered with flaky clay aggregates, calcareous nannofossils, and zeolite crystals. 3. Sample 159-961A-18R-CC, Paleo-Split,
palygorskite clay with calcareous nannofossils displays wavy, laminated texture. 4. Detail of 3. Open texture with fine, tapering bundles of palygorskite fibers
may be an artifact of drying during sample preparation or of the SEM´s vacuum. 5. Detail of 3. Larger flakes consist of interwoven fibers and platy minerals6.
Detail of 3. Platy minerals often show pseudo-hexagonal outlines reminiscent of well-crystallized kaolinite. Fibrous minerals grow from the edges and faces o
the platy minerals. Note that only palygorskite, sepiolite, smectite, and zeolite were detected in clay separates by XRD (see Fig. 5).
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Plate 2. Scanning electron micrographs. 1. Sample 159-960A-19R-1, 25−30 cm, palygorskite clay with barite nodules. Overview of massive texture. 2. Detail of
1. Fibrous minerals constitute a dense web that covers an elongate mineral (zeolite?) 3. Sample 159-961A-19R-CC, Paleo-Split, palygorskite clay with barite
nodules. Overview of open texture. 4. Detail of 3. Flakes are made up of curving laths which in turn consist of subparallel bundles of individual fibers of
palygorskite. 5. Sample 159-960A-20R-CC, Paleo-Split, broken surface of a single barite crystal from a nodule in palygorskite clay. Palygorskite lenses in bar-
ite crystal. Note the subparallel alignment of the lenses. 6. Detail of 5. Bundles and curved, single palygorskite fibers protruding from a void in the broken barite
surface.
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Plate 3. Scanning electron micrographs. 1. Sample 159-961A-19R-CC, 8−10 cm, clayey carbonate with barite crystals and calcareous nannofossils. Blocky tex-
ture with clay and calcareous nannofossils in the interstices of larger calcite grains. Coccoliths in the interstices are not overgrown and fairly well preserved. 2.
Detail of 1. Some of the coccoliths have been strongly overgrown and incorporated into the calcite blocks. 3. Sample 159-962B-8H-1, 107−109 cm, clay with
zeolite. Fibrous minerals are abundant in this sample although XRD indicates only minor proportions of palygorskite (see Fig. 6). Hollow left by euhedral (zeo-
lite?) crystal. 4. Detail of 3. Flakes of interwoven mineral fibers. 5. Sample 159-962B-8H-2, 89−94 cm, clay with zeolite and glauconite pellets. Grain in the
center is a glauconite pellet. Matrix consists of irregular flakes with abundant fibrous minerals. 6. Detail of 5. Open texture of flaky minerals in glauconite grain
to the right. Flake of matrix clay with fibrous minerals to the left. Note the lack of fibrous minerals in the glauconite grain.
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Plate 4. Scanning electron micrographs. 1. Sample 159-960C-18X-1, 107−110 cm, zeolitic porcellanite with nannofossils and clay. Radiolarian skeleton has
completely recrystallized (probably into opal-CT). Larger, flaky minerals appear to grow from the skeletons. 2. Detail of 1. Fibrous minerals protrude from
recrystallized radiolarian skeleton. Larger flake on lower right is constituted of several fibers. 3. Sample 159-960C-22X-CC, Paleo-Split, barite and dolomite
siltstone. Interstices between barite and dolomite grains are filled with palygorskite clay. 4. Sample 159-960C-22X-CC, Paleo-Split, same as 3. Dolomite crystal
on lower left is covered with Mg-rich silicate fibers. Moderately preserved coccolith on upper right with fibers piercing through the central opening. 5. Detail of
3. Silicate fibers growing on coccolith. Note that several fibers pierce through the central opening of the coccolith. 6. Sample 159-960C-22X-CC, Paleo-Split,
same as 3. Surfaces of barite crystals on upper left are covered with palygorskite fibers. Note mineral strands between clean faces of barite crystal in the center.
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