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Geochemical characteristics

of the slip zones of a landslide

in granitic saprolite, Hong Kong:
implications for their development
and microenvironments

B.-P. Wen - N.S. Duzgoren-Aydin - A. Aydin

Abstract Geochemical investigations of the slip
zones of a landslide in granitic saprolite revealed
that they have signatures distinct from their host
materials. These distinctions include stronger Si
depletion, higher Al enrichment, greater LOI,
significant fixations of Mn, Ba and Ce, stronger
negative Eu anomalies, and greater accumulations of
other rare earth elements (REE). Altogether, these
geochemical characteristics indicate that: (a) the slip
zones have greater abundance of clays, consistent
with field and microscopic observations; (b)
concentration of clay size particles within the slip
zones may have been from downward leaching and
deposition, and lateral transportation of Al-Si
solutions and colloids through pores and fractures
within the saprolite; and (c) there were prevailing
oxidation and poor drainage, and occasional
reduction conditions within the slip zones. It was
concluded that geochemical analyses could be
effective in gathering clues for understanding the
development and nature of slip zones in landslide
investigations.
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Introduction

Slip zones along which landslides occur often have lower
intrinsic resistance to shear. It has been well documented
that slip zones of landslides most commonly develop along
pre-existing weak zones dipping out of slopes, particularly
if sub-horizontal (Hutchinson 1988; Cruden and Varnes
1996; Dikau and others 1996). Hence, locating and iden-
tifying such zones are vital for predicting and controlling
landslides. The formation and evolution of pre-existing
weak zones is a complex geological process involving
chemical and mineralogical alterations within soils or
rocks, particularly in tropical regions, as in Hong Kong,
where weathering is dominantly chemical. Thus the weak
zones should have chemical characteristics distinct from
their host materials. These chemical characteristics may
serve as indicators of the origin of the weak zones and
their microenvironments. The pre-existing weak zones
prone to slip zones of landslides are often distinguished
from their host materials by greater abundance of clay size
particles, distinct types of clay minerals and lower shear
strength, as well as distinct physical properties, e.g., higher
moisture content and poorer permeability (Skempton and
Petley 1967; Kenny 1977; Anson and Hawkins 1999; Koor
and others 2000). Compared with numerous studies on
their mechanical properties, geochemical characterization
of slip zones has been very limited in the literature.
Recently, Mashana and others (1993), Anson and Hawkins
(1999), Shuzui (2001) and Hiirlimann and others (2001)
showed that slip zones have chemical characteristics
distinct from their host materials, and that these charac-
teristics are closely correlated with physical and mechan-
ical properties. Zheng and others (2002) found that the slip
zones of four landslides in Japan contain more ferrous Fe
than the sliding debris and bedrock, suggesting that the
slip zones formed under stronger reduction conditions.
Results are presented of a comprehensive geochemical
characterization study of the slip zones of a landslide in
granitic saprolite in Hong Kong. This study is aimed at
exploring the potential of geochemical approach in
understanding origin and microenvironmental conditions
of the slip zones. A list of abbreviations frequently used in
this paper is given in the appendix.
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Study site and samples

Site description
Hong Kong is characterized by a mountainous terrain and
a sub-tropical humid climate with an annual average
temperature of 23 °C and precipitation of 2,225 mm
(Brand 1995). Principle rock types in Hong Kong are
granite and acid volcanic rocks, which cover about 85%
area of Hong Kong (Fletcher and others 1997). Intense
chemical decomposition of bedrock produced a weak, soil-
like mantle over the mountainous terrain, which is sus-
ceptible to landslides. Depth of weathering in highly
fractured granite often reaches 60 m.
The landslide investigated in this paper is on the slope
behind the Shek Kip Mei estate, southeastern Kowloon,
Hong Kong (Fig. 1). The slope is underlain by medium-
grained granite of Jurassic to Cretaceous age. The granite
is intensively weathered to form a highly heterogeneous
profile, showing significant zonal variations in thickness
and color. At the site, highly decomposed granite (HDG)
and moderately decomposed granite (MDG) forms two
very thin horizons in the profile, which are laterally dis-
continuous at some locations, particularly near the slope
toe where slightly decomposed (SDG)-to-fresh granite is
locally exposed.
The landslide took place after four days of heavy rainfall
at the end of August 1999. It was found that the landslide
was the partial reactivation of an old landslide character-
ized by a large relict scar. It was developed within the
saprolitic horizon made up of completely decomposed
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granite (CDG) and frequent corestones of slightly-to-
moderately decomposed granite. The landslide area was
divided into two zones, namely northern and southern
distressed zones (NDZ and SDZ) based on their distinct
deformation features (FMSW 2000) (Fig. 1). Slip zones of
the landslide were disclosed near the toe of the slope at a
number of trial pits and trenches (Fig. 1). It was observed
that the slip zones of the two distressed zones are also
distinct in terms of their field characteristics.

The slip zone at NDZ was composed of two distinct sections.
The northern section was developed through CDG, and
distinguished from the surroundings by its much wetter,
softer and more clayey nature, and darker brown color
(Fig. 2), while the central to southern section was along a
pre-existing clay seam within CDG, and characterized by its
very clayey nature and generally dark gray, locally mottled
dark gray and white color (Fig. 3). The clay seam is believed
to be developed along a relict sheeting joint (FMSW 2000).
The slip zone at the northern section, i.e. the clayey CDG,
was generally 15-25 mm thick and dipping at 7-11° out of
the slope. The slip zone at the central to southern section, i.e.
the clay seam, was about 15-20 mm thick, dipping at 7-10°
out of the slope, generally planar and locally undulating.
Scanning electron microscope (SEM) images showed that
the slip zones in both sections were strongly reworked in
which particles were oriented to a certain extent, an evidence
of the occurrence of shear deformation (Wen and Aydin
2003, 2004).

The slip zone at SDZ formed along a pre-existing clayey
seam within CDG, which was also developed along a relict

P

X =4~ . Relict landslide scar
X g AN
- A
I

th fressed :
1¢ orthern Distlesse
/  Zone(SDZ) \rmsu \IT2 Zone (NDZ2)
s v - SSg %PB |
> NI i A !
116§ !
Block 38 R Block 36
9
0 10  20m
|| Scale
Legend
Irrsu Isso mAP1

Trial trench Surface strip Trial pit

0 Corestone layer
(A Bedrock outcrop

Fig. 1
Plan and location of Shek Kip Mei landslide
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Fig. 3
Slip zone at trial trench TT1A

sheeting joint (FMSW 2000). Unlike that of NDZ, the clay
seam at SDZ is much thinner (3.5-12 mm), more clayey,
and dipping at 6-10°, is not very wet and soft. It comprises
two distinct sub-seams: a dark gray seam and laterally
discontinuous two white seams (Fig. 4). The dark gray
seam (DGS) (0.05-2 mm) is generally sandwiched, or
occasionally overlain/underlain by the white clay seams
(WS). Well-developed slickensides were observed on the
surface of DGS. SEM observations illustrate that DGS has
obviously experienced deformation marked by well-
developed particle orientations, while no sign of defor-
mation, or locally very slight deformation was observed
within WS, evidenced by its generally intact, locally
slightly reworked structure (Wen and Aydin 2003, 2004),
indicating that the actual slip zone was largely confined to
DGS.

Post landslide ground investigation indicated two distinct
groundwater regimes within the slope: the upper (or per-
ched) regime above the boundary between horizons
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Fig. 4
Slip zone at trial trench TT2

dominantly of completely-to-highly and moderately-to-
slightly decomposed granites, and the lower (or basal)
regime not far below this boundary. The former is con-
trolled by infiltration of surface rainwater, while the latter
is a part of the regional groundwater system (FMSW 2000).
Immediately after the landslide, noticeable seepage was
observed at the toe of the slope, suggesting a significant
rise in the upper groundwater table prior to the landslide.
The slip zones were found to be within the upper regime.
Extensive subvertical relict joints within the granitic sap-
rolite facilitated interconnection of the two regimes, par-
ticularly during seasonal rise in the lower groundwater
level.

Sampling

Geochemical characteristics of three profiles sampled near
the toe of the slope are presented: two profiles across the
slip zone of NDZ at trial pit AP7 and trial trench TT1A,
and one profile across the slip zone of SDZ at trial trench
TT2 (Fig. 1). At AP7, CDG-HDG was 20 cm below the slip
zone and about 20-30 cm thick, overlying MDG-SDG. At
TT1A and TT2, HDG and MDG were absent, as CDG was
directly underlain by MDG-SDG. A total of 24 bulk sam-
ples were collected from the three profiles at 10-50 cm
intervals according to color differences. Of these samples,
4 were from AP7, 13 from TT1A and 7 from TT2. As the



upper parts of trial pit/trenches were not accessible due to
bracing bars, sample collection was conducted at 0.8 to
3.0 m below the ground surface. In addition, two samples
from the clay seam of SDZ at the trial pit AP6 and surface
strip SS9, and one sample of the fresh granite from a
nearby outcrop were also analyzed. DGS and WS within
the clay seam at SDZ were carefully split into sub-samples,
and analyzed separately. Furthermore, undisturbed sam-
ples of the slip zones and their immediately underlying
and overlying CDG were also collected.

Fresh granite at this site is mainly composed of anhedral
to subhedral quartz (35-40%), subhedral to euhedral
K-feldspar (35-40%), plagioclase (15-20%) and a minor
amount of biotite (5%). CDG hosting the slip zones is
mainly composed of highly to completely decomposed
K-feldspar, completely decomposed plagioclase and
biotite, as well as highly fractured quartz, clay minerals
and secondary opaque oxides. Compared with CDG, the
clay seam is dominated by clay minerals with minor
residual primary minerals (<5%). Within the clay seam
at SDZ, DGS, i.e. the slip zone, generally contains less
residual primary minerals than WS. With systematical
XRD analyses, Wen (2002) showed that halloysite,
kaolinite and illite are prevalent types of clay minerals
(halloysite >kaolinite >illite) within the slip zones and
their host CDG (Table 1). In places, a trace amount
(<2%) of interstratified illite-smectite was detected.
Prominently, abundance of kaolinite within the slip
zones is greater than in their host materials. Particle size

Table 1
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analyses also confirmed that the slip zones contain
much higher clay content than in the host materials
(Table 1).

Analytical techniques
Geochemical characteristics of the slip zones and
their host materials were determined by X-ray
fluorescence spectrometry (XRF), inductively coupled
plasma-mass spectrometry (ICP-MS), and energy
dispersive X-ray spectrometry (EDS).
XRF technique was employed to determine the relative
abundance of major oxides in the samples. Although Ti
and Mn occur as minor elements in granite, the term
‘major elements’ in this study include Ti and Mn, in
addition to Si, Al, Fe, Mg, Ca, K, Na and P. Glass beads
made from the powdered representative samples and fused
with Li4B407 and LiBr were used for major element
analysis. XRF analysis was carried out using a PW2400
X-ray spectrometer.
Concentration of selected trace elements (Rb, Ba, Sc, Sr, Y,
Pb, Th and U) and REE were determined using a VG
Element PlasmaQuad 3 ICP-MS. The samples for ICP-MS
analysis were prepared by dissolving powders of repre-
sentative samples in HF/HNO; solution.
To explore the distribution of prevalent chemical elements
within the slip zones and their host materials, microanal-
yses of chemical compositions were carried out using an
energy dispersive X-ray spectrometer attached with a
Cambridge Stereoscan 360 scanning electron microscope.

Clay content and clay minerals within the slip zones and their host materials

Sample Depth (m) Sample label Clay (<2 mm) Clay mineral
location (%)
Kaolinite (%) Haollysite (%) Ilite (%) Interstratified
illite-smectite
AP7 0.70 CDG1/AP7 3.84 9.00 80.00 11.00 +
0.90 SZ/AP7 5.01 18.00 76.00 6.00 +
1.05 CDG2/AP7 1.57 6.00 88.00 6.00 +
1.10 CDG-HDG/AP7 1.21 6.00 87.00 7.00 +
TT1A 1.10 CDG2/TT1A 0.32 11.00 84.00 15.00 +
1.20 CDG3/TT1A 0.91 8.00 89.00 3.00 +
1.30 CDG4/TT1A 0.53 12.00 76.00 12.00 +
1.80 CDG5/TT1A 1.17 7.00 89.00 4.00 +
1.90 CDG6/TT1A 0.55 4.00 85.00 11.00 +
2.00 CDG7/TT1A 1.18 10.00 83.00 7.00 +
2.20 CDGS8/TT1A 1.28 4.00 96.00 0.00 +
2.30 CDGY/TT1A 5.92 7.00 91.00 2.00 +
2.40 CDGI0/TT1A 2.21 8.00 88.00 4.00 +
2.50 CDGI1/TT1A 4.69 5.00 93.00 0.00 +
2.60 SZ/TT1A 10.61 14.00 84.00 2.00 +
2.70 CDGI2/TT1A 1.34 1.00 93.00 6.00 +
TT2 3.20 CDG1/TT2 3.37 19.00 77.00 4.00 +
3.50 CDG2/TT2 6.40 10.00 86.00 4.00 +
4.00 CDG3/TT2 5.12 10.00 86.00 4.00 +
4.20 CDG4/TT2 4.43 8.00 90.00 2.00 +
4.30 WS/TT2 25.0 27.00 71.00 2.00 -
4.30 DGS/TT2 31.0 54.00 40.00 6.00 -
4.40 CDG5/TT2 2.85 7.00 89.00 4.00 +
AP6 2.10 WS/AP6 22.0 16.00 80.00 4.00 +
2.10 DGS/AP6 21.0 42.00 42.00 16.00 +
SS9 WS/SS9 25.0 7.00 86.00 7.00 +
DGS/SS9 24.0 25.00 66.00 9.00 +
Note that “+” and “~” indicate if trace amount of interstratified illite-smectite is identified or not. SZ Slip Zone
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With this technique, elements on the sample surface (ca.
1 um deep) of an individual spot (ca. 1 um”) or a small
area were measured semi-quantitatively based on the
intensities of their X-ray spectrum. In this study, indi-
vidual spot X-ray spectrum measurement and selected
area X-ray element mapping were conducted. EDS analysis
was carried out on the carbon coated thin sections of
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(®-CDG; @-Slip zone;
®-CDG-HDG; @-Fresh rock.)
undisturbed samples. The thin sections were prepared
from resin-impregnated samples.

Data evaluation in this study is based on three assump-
tions: (a) the system is open; (b) a fresh sample of the
parent rock can be taken as a reference; and (c) no element
is immobile (Nesbitt 1979; Middelburg and others 1988;
Dequincey and others 2002; Duzgoren-Aydin and others



2002a). Therefore, concentrations of elements were nor-
malized with reference to the fresh parent rock. When
the normalized value is greater than 1, it implies that

the element has been enriched or fixated. Otherwise, if the
normalized value is less than 1, it indicates that the
element has been depleted or mobilized. In addition, REE
concentrations are also chondrite-normalized using the
chondrite REE values. The normalized data along the
profiles at AP7 and TT1A were plotted against depth, while
those along the profile at TT2 were shown without refer-
ence to the actual sequence of WS and DGS, as only one of
the two WS hosting DGS was analyzed, and WS and DGS
are too thin (generally <10 mm) to be plotted in scale.

Results

Distributions of major elements
Relative to the fresh granite, Fig. 5A-C consistently illus-
trate that within the slip zones and their host CDG, there
are: (a) substantial depletion of Ca and Na, ubiquitous
depletion of Mg, and slight depletion of Si
(Ca>Na>Mg>Si); (b) slight enrichment of Al; (c) slight
fluctuations of K, Ti and Fe; (d) strongly erratic enrich-
ment and depletion of Mn; and (e) apparent increase of
LOIL However, none of the elements show a regular trend
of mobilization with depth.
Compared with their host CDG, particularly those
immediately below and above the slip zones, concentra-
tions of the major elements within the slip zones exhibit:
(a) stronger depletions of Si and Mg, with maximum
depletion within the slip zones along profiles at AP7 and
TT2, and at AP7 and TT1A, respectively; (b) greater
enrichment of Al and higher LOI, with greatest Al fixa-
tion within the slip zones along profiles at AP7 and TT2;
(c) stronger enrichment of Fe, with the peak value within
the slip zone along the profile at AP7; and (d) significant
fixation of Mn along the three profiles (Fig. 5A-C).
Furthermore, the degree of depletion or enrichments of
these elements within the slip zones shows an order
AP7<TT1A<TT2, in which the slip zones become
increasingly more clayey (Fig. 5A-C). Distributions of
other elements within the slip zones do not display
consistent patterns along the profiles, and any significant
differences from their host CDG (Fig. 5A-C).
Data from three pairs of sub-samples along the clay seam
at SDZ (Fig. 6) reveals consistent variation patterns in
concentrations of Mn, Fe, Na and LOI, with significant
increase in Mn, slight increase in Fe and Na, and slightly
lower LOI within DGS than those within WS. Concentra-
tions of other elements within WS and DGS show irregular
variations, and concentrations of each major element
along DGS and WS are variable at different locations
(Fig. 6).

Distributions of trace elements
Figure 7A-C display that distributions of the selected trace
elements within the slip zones and their host CDG vary
strikingly. With reference to the fresh granite, distribution
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Variations of major element concentrations along the clay seam at
SDZ

of the trace elements along the profiles shows no consis-
tent patterns with variable depletions and enrichments,
except Sr which shows irregular depletion.

Compared with their host CDG, especially those immedi-
ately above and below the slip zones, ICP-MS results
(Fig. 7A-C) reveal that within the slip zones there are
stronger depletion of Sr and striking enrichment of Ba
along the profiles. Similar to Mn variation within the slip
zones along the three profiles, Ba concentrations also show
an order of AP7<TT1A<TT2 (Fig. 7A-C). Distributions of
other trace elements within the slip zones present no
consistent patterns along the profiles (Fig. 7A-C).

Data from sub-samples along the clay seam at SDZ illus-
trates that there is a tendency of stronger fixations of Ba
and Y, and slightly higher enrichment of Sc within DGS
than within WS (Fig. 8). Again, concentrations of each
trace element along DGS and WS are inconsistent at dif-
ferent locations.

Distributions of REE
Chondrite-normalized fresh granite (Fig. 9A-C) shows
enrichments of light REE (LREE) relative to heavy REE
(HREE) with a negative Eu-anomaly (Eu/Eu*=0.685) and
flat HREE trend, similar to the typical REE patterns of
some granitic rocks analyzed by Nesbitt (1979), Middel-
burg and others (1988), Aubert and others (2001), who
attributed the negative Eu-anomaly to fractionation of
plagioclase during formation of granite. Relative to the
fresh granite, REE concentrations of all samples yield
consistent trends of enrichment with stronger negative
Eu-anomaly (Eu/Eu*=0.188-0.479) and significantly
negative and positive Ce-anomalies, as well as slightly
stronger enrichments of LREE relative to HREE
(Fig 9A-C). Similar to major and trace elements, REE
distributions show no regular trend with depth.
Strongest Eu-anomalies consistently occur within the slip
zones compared with their host CDG (Fig 9A-C). Among
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the slip zones along the three profiles, the order of
Eu-anomalies is AP7 (Eu/Eu*=0.333) <TT1A (Eu/

Eu*=0.291) <TT2 (Eu/Eu*=0.280). Notably, Ce-anomalies
are positive within the slip zones, and negative within their
host CDG (Fig. 9A-C). The magnitude of positive
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@-Slip zone; ®-CDG-HDG;

Ce-anomalies within the slip zones varies in the same
order: AP7 (Ce/Ce*=1.162) <TT1A (Ce/Ce*=3.816) <TT2
(Ce/Ce*=8.470). Distributions of other REE of the slip
zones are parallel to those of their host CDG, whereas their
concentrations are lower than the CDG immediately below
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Variations of trace element concentrations along the clay seam at SDZ

and above the slip zone at AP7, but lower than the over-
lying CDG and higher than the underlying CDG at TT1A
and TT2 (Fig. 9A-C).

Data from the sub-samples along the clay seam at SDZ
consistently show stronger positive Ce-anomaly, negative
Eu-anomaly, and higher enrichment of other REE within
DGS than those within WS (Fig. 10). REE concentrations
along DGS and WS vary at different locations.

Occurrences of the prevailing major, trace and REE
EDS analyses (Fig. 11A-F) confirm the prevalence of ma-
jor elements Si, Al, K, Mn and Fe, trace element Ba, and
REE Ce within the slip zones. EDS results substantiate that
Si, Al and K mainly occur as constituents of the primary
minerals (quartz and K-feldspar) and secondary clay
minerals, while Mn, Ba and Ce commonly co-exist as
localized coating of fine matrix or relict primary minerals
evidenced by their peaks coinciding with those of Al, Si
and K (Fig. 11A-F). Generally, Ba and Ce only occur where
Mn peak is the strongest among the elements detected
(Fig. 11A-D). Locally, Mn, Ba and Ce are extremely con-
centrated, and the richest Ce occurs where Mn and Ba are
less concentrated (Figs. 11E, F and 12A-C).

Discussion

Behaviors of chemical elements
and their implications

Major elements
Variations of major elements within granitic saprolites
strongly indicate the unstable nature of their primary
minerals (plagioclase, biotite, K-feldspar and quartz),
formation of secondary minerals, and mobility of each
element in the course of weathering (Nesbitt 1979;
Middelburg and others 1988; van der Weijden and van der
Weijden 1995; Aubert and others 2001). Among the major
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elements analyzed within the granitic saprolite at this site:
(a) greatest depletion of Ca and Na reflects intensive, and
even complete decomposition of plagioclase and most
mobile nature of these two elements; (b) weaker depletion
of Mg could be related to the decomposition of biotite and
its existence in octahedral crystal lattices of illite, as well as
its affinity to Mn and Fe (Stevens and others 1979);

(c) weaker depletion or slight enrichment of K can be
attributed to slower decomposition of K-feldspar than
plagioclase, and formation of illite (Duzgoren-Aydin and
others 2002b); (d) slight variations of Fe and Ti may be
explained by their less mobile nature than other elements
and their occurrence in secondary oxides; and (e) deple-
tion of Si, enrichment of Al and increase in LOI signify
decomposition of primary minerals and formation of clay
minerals, where good correlation between the Al to Si ratio
and LOI (Fig. 13) confirms this relationship. Many studies
(e.g., Middelburg and others 1988; Braun and others 1998;
Vaniman and others 2002) showed that Mn with variable
valence is a redox-sensitive element during weathering
when highly mobile Mn (II) dissolved from natural min-
erals and rocks is easily oxidized into Mn (IV) and pre-
cipitated or adsorbed onto clays as insoluble Mn,0,
providing a direct indication of oxidation conditions.
However, Mn oxidation and accumulation is a very com-
plex dynamic process. Occurrence and intensity of Mn
oxidation has been found to be largely related to solution
chemistry (pH and Eh), and biological conditions, such as
the presence of aerobic bacteria, while Mn accumulation is
associated with intensity of oxidation and abundance of
clays, rather than the parent rock (Crertar and others 1980;
Middelburg and others 1988; Roy 1992; Krauskopf and
Bird 1995; Braun and others 1998; Vaniman and others
2002).

Distribution of the major elements along the profiles
(Fig. 5A-C) suggest that there must have been stronger
intensity of primary mineral decomposition and greater
abundance of secondary clay minerals, being in accor-
dance with field, petrographic and XRD identification and
particle size analysis (Table 1). Significant Mn accumula-
tion within the slip zones indicate occurrence of active
oxidation condition, and is also related to greater abun-
dance of clays within the slip zones. Furthermore, the
differences in the element concentrations among the slip
zone segments correspond to increasing orders of
decomposition of primary minerals and clay content:
TT2>TT1A >AP7, again consistent with field, petrographic
and XRD analyses (Table 1). Variations in Mn concen-
trations among the slip zone segments should be related
mainly to clay content, and likely also to intensity of
oxidation condition.

For DGS and WS within the clay seam at SDZ (Table 1 and
Fig. 6): (a) slight differences in the concentrations of Si
and Al coincide with little variation in their clay contents;
(b) slightly lower LOI of DGS may be attributed to lower
abundance of halloysite, a water-bearing clay mineral
within its crystal structure (Wen 2002); and (c) slightly
higher abundance of Na and Ca within DGS may be related
to the presence of trace amounts of interstratified illite-
smectite. Mn fixation indicates that oxidation conditions
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must have occurred within DGS and WS. Interestingly,
strikingly higher Mn concentration within DGS than
within WS does not correlate with their clay contents: DGS
has a lower clay content than WS at AP6 and SS9, implying
that there must be other factors controlling Mn accumu-
lation, in addition to clay abundance. DGS contains more
kaolinite, but less halloysite than WS. It is thus believed
that Mn concentration may also be associated with clay
mineralogy. Variable concentrations of these elements at
different locations along DGS and WS indicate that clay
abundance and intensity of oxidation conditions are var-
iable along these seams.

Variable distributions of the major elements with depth
(Fig. 5A-C) suggest that downward leaching and deposi-
tion processes of the elements, either in the form of Al-Si
solution or colloids, are not predominant. This could be
due to superimposition of other forms of mobile behaviors
of the elements, most likely lateral migration. Conse-
quently, higher clay content of the clay seams at TT1A and
TT2 than their host CDG may have resulted from: (a)
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Variations of REE concentrations along the clay seam at SDZ
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downward leaching of Al and Si through pores and
fissures, and deposition within the relict sheeting joints;
and (b) lateral migration of Al and Si, and fixation within
these joins. The clays within the slip zone at AP7, where it
developed through CDG, may have also formed by these
processes as a result of the high hydraulic connectivity of
CDG. Both field and microscopic observations show that
the contacts between the clay seam at TT2 and its host
CDG are very rough (Fig. 4), indicating in-situ weathering
of wall rocks of the relict sheeting joint. Therefore, WS,
being in direct contact with the walls of the joint, is likely
an in-situ weathering product of wall rocks with minor
addition of transported Al-Si solution and colloidal par-
ticles. Correspondingly, DGS sandwiched by WS may have
been formed mainly by transported Al-Si solution and
colloidal clay particles within the joint with some minor
mixing of in-situ weathering products. It is suspected that
the clay deposition rate within the joint should be much
slower than weathering of the wall rocks, resulting in very
thin DGS and thick WS. Absence of WS within the clay
seam at TT1A may be because local clay deposition rate
within the joint is faster than in-situ weathering of the wall
rocks (Fig. 6).

Trace elements
Behaviors of trace elements are closely linked to the sta-
bility of the primary and accessory minerals in which they
are present (Krauskopf and Bird 1995; Dequincey and
others 2002). Trace elements are also found to be readily
absorbed onto clay size particles (Middelburg and others
1988; Vaniman 2002). Thus, trace elements display com-
plex behaviors during weathering. Depletion of Sr within
the slip zones and their host materials at the study site may
be related to decomposition of plagioclase in which Sr
occurs as a substitute for Ca, which supports stronger
plagioclase decomposition within the slip zones. Many
workers, e.g., Middelburg and others (1988), Braun and
others (1998), Palumbo and others (2001), and Vaniman
and others (2002), demonstrated that Ba is easily scav-
enged by Mn, showing high affinity for Mn in diverse
redox-active environments. Significant fixation of Ba
within the slip zones (Fig. 5A-C) is thus most likely
associated with Mn, giving an indirect clue for active
oxidation microenvironment within the slip zones relative
to their host materials. Corresponding to Mn occurrence,
Ba accumulation among the slip zone segments (Figs. 7A-
C, and 8) may also be associated with both abundance and
mineralogy of clay (Table 1).

REE
The REE are primarily found in trivalent oxidation state,
and have almost identical chemistry, except Eu and Ce. It
has been well documented that REE can be fractionated
and leached during advanced weathering, showing that

>

Fig. 11
Backscattered SEM images of the slip zone at TT2 (A), AP6 (C) and
TT5U (E), and X-ray spectra patterns of clay coated with Mn, Ba and
Ce on the point indicated on image A (B), C (D) and E (F)
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Fig. 12
X-ray element maps on the image in Fig. 11E

most REE are fixated with stronger enrichments of LREE
relative to HREE (Nesbitt 1979; Middelburg and others
1988; Braun and others 1990, 1998; van der Weijden and
van der Weijden 1995; Koppi and others 1996; Aubert and
others 2001; Vaniman and others 2002). The REE behav-
iors suggest their low mobility, and relatively stronger
mobility of HREE than LREE. Eu (II), occurring in granite
as a substitute for Ca within plagioclase, is highly soluble
and much more easily leached than the trivalent REE,
while Ce (III), present in primary and accessory minerals,
is readily converted into Ce (IV), and enriched as immo-
bile CeO, under oxidation condition, behaving very simi-
lar to Mn as a redox-sensitive element. Chemical behaviors
of REE during weathering depend on several factors: Eh,
pH, presence of organic and inorganic ligands (Cantrell
and Byrne 1987), clay abundance (Aagard 1974), and
parent rock mineralogy.

Evidently, relative to the parent rock, REE patterns of the
granitic saprolite at this site (Fig. 9A-C) suggest occur-
rence of intense decomposition of plagioclase and active
oxidation conditions. Compared with their host materials,
stronger negative Eu-anomalies within the slip zones
(Fig. 9A-C) reflect more intense Eu fractionation as a
result of stronger decomposition of plagioclase, marked by
their greater Eu/Eu* anomalies, and evidenced by little or
no plagioclase from microscopic observations, and
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Correlation of Al/Si ratio and LOI within the granitic saprolite
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consistent with the indication from Sr distribution. Simi-
larly, significant positive Ce-anomalies within the slip
zones indicate pronounced oxidation processes, consistent
with the possibility implied by Mn behavior. Although
REE behaviors are influenced by several factors as afore-
said, it is suspected that parallel REE patterns of the slip
zones and their host materials may be also associated with
variations of drainage conditions in different horizons, as
percolating water or influx is obviously one of the most
important media removing or transporting REE. Thus,
concentration differences of other REE may imply a con-
trast in drainage conditions between the slip zones and
their immediately host materials, consistent with their
physical nature. However, this relationship needs to be
further investigated, and actual behaviors of REE within
the slip zones and their host materials should be linked
with influences of all the factors. Along the slip zone
segments (Fig. 9A-C): (a) differences in negative
Eu-anomalies indicate an increasing intensity of
plagioclase decomposition, AP7<TT1A<TT2; (b) differ-
ences in positive Ce-anomalies may be largely attributed to
their different clay contents, as for Mn and Ba; and (c)
concentration differences of other REE may also related to
different drainage conditions. Variations of REE
concentrations between DGS and WS within the clay seam
at SDZ also suggest: (a) stronger decomposition of
plagioclase within DGS marked by higher negative Eu
anomalies; (b) likely clay mineralogic influence on positive
Ce anomalies; and (c) possibly a contrast in drainage
conditions implied by concentration difference of other
REE. Additionally, variations in REE concentrations
among different segments of DGS and WS of the clay seam
at SDZ (Fig. 10) could also be attributed to non-uniform
intensity of plagioclase decomposition, abundance and
mineralogy of clay, as well as drainage conditions.

Mn, Ba and Ce associations and their implications

Mn oxide has high sorption capacity for heavy metals in
soils (Koppi and others 1996; Palumbo and others 2001).
EDS analyses confirm that Ba and Ce commonly coexist with
Mn within the slip zones. Concurrence of Mn, Ba and Ce
(Fig. 11A-F) suggests Ba and Ce have the highest affinity for
Mn than other heavy metals, similar to those illustrated by
Fleet (1984), Middelburg and others (1988), Koppi and
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others (1996), Braun and others (1998), Palumbo and others
(2001), and Vaniman and others (2002). Good correlations
among the concentrations of Mn, Ba and Ce from bulk
samples (R*=0.91-0.96) statistically substantiate their close
associations (Fig. 14). In addition, active redox further
mediates association between Mn and Ce . However, EDS
results and statistical analyses show that Ba has higher
affinity for Mn than Ce (Figs. 11A-F and 14). Local sepa-
ration of Mn and Ce (Figs. 11E, F, 12A-C) indicates these
two elements also have different behaviors during evolution
of the slip zones. Associations and distinctions of Mn, Ba
and Ce behaviors suggest that at least two kinds of mic-
roenvironments existed within the slip zones.

Prevailing oxidation conditions
Striking accumulations of Mn, Ba and Ce within the slip
zones and their close associations provide strong indica-
tion that oxidation conditions prevailed during their
formation and evolution. As mentioned earlier, oxidations
of Mn and Ce are controlled by several factors: pH, Eh,
biological conditions, clay abundance and clay mineral-
ogy, and their accumulations follow a very complex
dynamic course. Krauskopf and Bird (1995) and Braun
and others (1998) showed that oxidation of Mn (II) could
occur either when it is exposed to air or dissolved in
oxygenated water. Subsurface occurrence of the slip zones
of the landslide indicates that Mn oxidation could only
occur when there is a supply of oxygenated water in an
open system through the process (Krauskopf and Bird
1995; Braun and others 1998):

Mn®** + 2H,0 — MnO, + 4H*

(1)

when Eh ranges between 0.15 to 1.15 V and regardless of pH.
At the study site, such oxygenated water can only be pro-
vided by rainwater through the infiltration process. As de-
scribed previously, rainfall infiltration was the predominant
hydrodynamic process within the upper groundwater
regime in which the slip zones were located, hence greatly
facilitating Mn oxidation process. Similarly, upon weath-
ering in an open system with oxygenated water, soluble and
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Correlations of Mn with Ba and Ce within the slip zones and their host
materials
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mobile Ce (III) is oxidized into immobile CeO, through the
equilibrium process (Braun and others 1990, 1998):

Ce*" + 2H,0 — CeO, +4H" (2)

when pH ranges from 2.5 to 7.5 and Eh from -0.4 to 1.1 V
(Braun and others 1990). Consequently, coexistence of Mn
and Ce as a result of co-precipitation or adsorption onto
clays is observed if conditions favor the formation of
MnO, and CeO,. Simultaneously, Ba is scavenged accom-
panying precipitation of Mn,0O (Krauskopf and Bird 1995).
Except sufficient supply of oxygenated water, accumula-
tion of Mn, Ba, and Ce oxides should also require a very
slow rate of water flow, i.e., a poor drainage condition,
enabling generation of oversaturated oxides within the
fluid, and allowing these oxides to precipitate or to be
absorbed onto clays. Hence, distribution of Mn, Ba and Ce
may indicate that there is a contrast in drainage conditions
between the slip zones and their host materials, similar to
their REE behaviors as discussed previously. However, as
behaviors of Mn and Ce also depend on hydrochemistry
(pH, Eh), biologic environment and clay abundance, their
concentrations may not directly indicate the nature of
drainage conditions. Correspondingly, weak enrichments
or depletions of Mn, Ba and Ce (and other REE) within the
host materials of the slip zones may be largely attributed to
strong leaching conditions, under which dissolved Mn, Ba,
and Ce are washed away so rapidly that they do not have
sufficient time for any reaction, e.g., oxidation by oxy-
genated rainwater, although oxidation conditions are still
active there. As mentioned earlier, there are higher
abundance of kaolinite and lower halloysite within DGS of
the clay seam at SDZ than WS (Table 1). Keller (1970) and
Mitchell (1993) showed that kaolinite is generally favored
where drainage and precipitation cooperates, whereas
halloysite often forms under well-drained and exception-
ally strong leaching conditions. Hence, in terms of
hydrodynamics, kaolinite and halloysite occur under slow
and fast water flow conditions, respectively. This explains
why much greater concentrations of Mn, Ba and Ce took
place within DGS than those within WS.

Localized reduction conditions
Local separation of Mn and Ce, showing that the strongest
concentration of Ce occurs where concentration of Mn is
much weaker (Figs. 11E, F, and 12A-C), suggests that there
may be a local reduction condition under which Mn (IV)
reduces to mobile Mn (II), resulting in relatively stronger Ce
enrichment and weaker Mn accumulation. Koppi and others
(1996) explained that separation of Mn and Ce probably
results from reduction of MnO, to MnOOH when the fol-
lowing reaction proceeds from right to left:

MnOOH + 1/40, = MnO, + 1/2H,0 (3)
subsequently:
Ce’" + MnOOH = CeO, + Mn*" + H" (4)

MnO, is normally immobile under natural conditions with
little solubility (Krauskopf and Bird 1995; and Braun and



others 1998). However, Mn (IV) could reduce to the
mobile Mn (II) when certain microbial species, particu-
larly some anaerobic bacteria or organic acids, are active
within soil (Crertar and others 1980; Roy 1992). Due to its
very poor solubility, reduction of Mn (IV) should have
proceeded very slowly. In this case, hydrodynamically, rate
of water flow should also be very slow. The reaction on the
right-hand-side of Eq. (3) may have been first initiated by
microbial catalysis, which facilitates to scavenge the
oxygen on the left-hand-side and to advance the reaction
to the right-hand-side, resulting in continuous release of
O, on the right hand side. Subsequently, newly produced
Mn** in Eq. (4) may have been removed by percolating
water, leaving CeO, behind.

The existence of Mn and Ba within the richest Ce zone, as
shown in Fig. 11A-C, may be due to: (a) the remnant
MnO,, which was not fully dissolved during the sub-
sequent Mn reduction and abnormal Ce enrichment; and/
or (b) newly formed MnO, following abnormal Ce fixation.
This suggests that at least two phases of redox cycles have
occurred within Ce rich zone.

Conclusions

This comprehensive study on geochemical characteristics
of the slip zones of the landslide in a granitic saprolite
substantiates that the slip zones of landslides developed
along pre-existing weak zones do have distinct geochem-
ical nature from their host materials, similar to their
physical and mechanical nature.

In this study, results from three profiles across the slip
zones at different locations consistently show that there
are stronger depletion of Si, higher enrichment of Al,
greater LOI and significant fixations of Mn, Ba and Ce
within the slip zones compared with their host materials,
as well as stronger negative Eu anomalies and higher
enrichments of other REE. The ratio of Al to Si is closely
correlated with LOL Occurrences and concentrations of Ba
and Ce are generally intimately associated with Mn,
showing their high affinities for Mn. Locally, separation of
Mn and Ce is observed.

Distinct geochemical characteristics of the slip zones pro-
vide strong clues for the formation and microenvironments
of the slip zones. Distribution of Al, Si and LOI suggest that:
(a) there are greater abundance of clays within the slip
zones, consistent with field and microscopic observations;
(b) the formation of clays within the slip zones is probably
by downward leaching and deposition of Al-Si, and lateral
migration of Al-Si through pores and fractures within the
saprolite, in the forms of Al-Si solution and colloids.
Existence of relict sheeting joints provides preferential
pathways not only for element migration and deposition,
but also for intensive weathering. The clay seams of the slip
zones were thus developed along one or more sheeting
joints. DGS of the clay seam at SDZ of the landslide may
largely consists of clays from transported Al-Si solution and
colloids, while WS may be likely the product of intensive in-
situ weathering of the walls of the joint. Close associations
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of Mn, Ba and Ce, and REE patterns within the slip zones
consistently imply that there were prevailing active oxida-
tion and poorer drainage conditions, while local separation
of Mn and Ce indicates that occasional reduction condi-
tions may have also existed.

This study shows that geochemistry could be a useful tool
to gather information for understanding the origin of slip
zones and their microenvironments in landslide investi-
gations, which is of great significance for delineating and
predicting landslides.
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Appendix: List of Abbreviations

Material weathering grades within
the host granitic saprolite:

CDG: Completely Decomposed Granite (Weathering
Grade of V)
HDG: Highly Decomposed Granite (Weathering Grade of
V)
MDG: Moderately Decomposed Granite (Weath-
ering Grade of III)
SDG: Slightly Decomposed Granite (Weathering Grade
of IV)
Field-scale deformational divisions
of the investigated landslide:
NDZ: Northern Distressed Zone
SDZ: Southern Distressed Zone
Seams differentiated within SDZ:
DGS: Dark Gray Seam (Slip Zone)
WS:  White Clay Seam(s)
Exploratory excavations:
AP:  Trial Pit
TT:  Trial Trench
SS: Surface Strip
Techniques:
XREF: X-Ray Fluorescence Spectrometry
SEM: Scanning Electron Microscopy
ICP-MS: Inductively Coupled Plasma-Mass Spectrometry
EDS: Energy Dispersive X-Ray Spectrometry
Chemical elements/indices:
LOL Loss on Ignition
REE: Rare Earth Element(s)
LREE: Light REE
HREE: Heavy REE
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