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Director’s Foreword

T echnical research entails looking closely
at the surfaces of works of art and, beyond
that, into their very fabric. This is amply dem-
onstrated in Volume 2 of Metropolitan Museum
Studies in Art, Science, and Technology. In
these pages, we learn about the latest research
on the sandstones used by the Khmer masons
of the pre-Angkor and Angkor periods; the
authorship of a Spanish medieval altarpiece in
The Cloisters; the origins of sculptures associ-
ated with Buddhist caves of the Northern Qi
dynasty; and the authenticity of copper figures
from the mountains of southern Lebanon dat-
ing to about 2000 B.c. The authors of these
studies used technical means to characterize
structure and agency with the goal of advancing
art-historical knowledge. Following a theme
established in Volume 1 with a history of early
conservation practices in the Metropolitan
Museum, the examination and treatment of
medieval polychrome wood sculpture in Ameri-
can collections are considered with parallel
developments in collecting and display.

A series of technical notes, many of which
highlight the research of conservation and
conservation science fellows who work with
Museum staff in the material study of the col-
lections, expands the range of media, manu-
facturing processes, and modes of analysis
presented here. The works of art under investi-
gation include Egyptian hard stone sculpture,
silvered Limoges enamels, French furniture
decorated with Japanese lacquer, a landscape
by the American painter Thomas Moran, the
Museum’s Lion Helmet, and gum dichromate
prints by French Pictorialist photographers.

This volume underscores the Museum’s
mission to investigate the material nature of
works of art in addition to their aesthetic
qualities and cultural contexts. We thank
The Andrew W. Mellon Foundation and
Annette de la Renta for their continued sup-
port of conservation and conservation
science fellows at the Metropolitan. I join the
Editorial Board in gratefully acknowledging
Ludmila Schwarzenberg Bidwell and her late
husband Carl B. Hess, and members of the
Visiting Committees of the Sherman Fairchild
Center for Objects Conservation, the Sherman
Fairchild Center for Paintings Conservation,
the Sherman Fairchild Center for Works on
Paper and Photograph Conservation, and the
Department of Scientific Research for their
generous support.

THOMAS P. CAMPBELL

Director
The Metropolitan Museum of Art
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Petrography of Stone Used for Sculpture from
the Buddhist Cave Temples of Xiangtangshan
Dating to the Northern Qi Dynasty

L 4

Janet G. Douglas and John T. Haynes

ABSTRACT

Xiangtangshan in North-Central China is a
major Buddhist cave temple complex dating to
the Northern Qi dynasty (550—577). Its northern
and southern caves once held stone sculptures
that were removed from the site, starting in the
early twentieth century, and are now in institu-
tional and private collections throughout the
world. The 2011 exhibition “Echoes of the Past:
The Buddhist Cave Temples of Xiangtangshan”
provided an excellent opportunity to study the
Freer Gallery of Art’s collection of stone sculp-
ture from Xiangtangshan together with related
works in other museums. The current study began
with petrographic characterization of limestone
samples obtained from outside the Northern
and Southern Xiangtangshan caves. Systematic
description and analysis of the framework
grains, cement, matrix, and porosity were then
used as a basis for the study of limestone and
marble sculptures traditionally associated with
these sites. This approach allowed for the pro-
posed sites of origin to be better established for
some sculptures and, in a _few cases, for specific
questions relating to provenience to be addressed.
The results, when correlated with attributions
based on style and early documentation, will
serve as a framework for future study of Buddhist
limestone and marble sculpture in museum
collections worldwide.

ittle has been written about the prove-
L nience of stone materials used in Buddhist
sculpture from China, so preparation of the 2011
exhibition “Echoes of the Past: The Buddhist
Cave Temples of Xiangtangshan” at the Smith-
sonian Institution’s Arthur M. Sackler Gallery
in Washington, D.C., provided an excellent
opportunity to examine a group of Chinese
limestone and marble sculptures currently
attributed to Xiangtangshan. These include
sculptures on loan from various museums
and in the Freer Gallery of Art’s collection.
Altogether twenty-five objects were included
in the detailed petrographic investigation
reported here (Table 1).

The Buddhist cave temple sites at Xiangtang-
shan have great artistic and historical value.
The images in these cave temples include those
carved directly into the “living rock” and others
that are freestanding, carved either from blocks
of local stone or from blocks quarried elsewhere
and brought to Xiangtangshan. Unfortunately,
many of the sculptures now in museum collec-
tions were removed from the cave temples in the
early twentieth century,’ and information about
their original locations has been lost. This study,
undertaken as the sculptures were prepared for
exhibition, was intended to augment art-historical
studies aimed at reconstruction and recontex-
tualization of the Xiangtangshan cave temples.

METROPOLITAN MUSEUM STUDIES IN ART, SCIENCE, AND TECHNOLOGY 2
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Table 1 + ChecKklist of Sculptures in Current Study

Object

Original Location at Temple Site

Sample Location

Northern Xiangtangshan: Sculptures Thought to Have Been Integral

Head of a Buddha, Freer Gallery of Art (F1913.67) South Cave Right side of broken neck
Head of Disciple Ananda, Freer Gallery of Art (F1913.134) South Cave Rough back near top of head
Kneeling winged monster, Freer Gallery of Art (F1916.345) (see Figure 7) Middle Cave Right leg area

Kneeling winged monster, Freer Gallery of Art (F1953.86) North Cave Upper area of rough back
Kneeling winged monster, Freer Gallery of Art (F1953.87) North Cave Left side

Kneeling winged monster, Freer Gallery of Art (F1977.8) North Cave Back on right side
Kneeling winged monster, Freer Gallery of Art (F1977.9) North Cave Left side

Head of a bodhisattva attendant of Maitreya, University of North Cave Right side on rough back
Pennsylvania Museum of Archaeology and Anthropology (C353)

Head of a bodhisattva, University of Pennsylvania Museum North Cave Right side on rough back
of Archaeology and Anthropology (C354)

Head of a Buddha, possibly Prabhutaratna, Buddha of the Past, North Cave Rough back of head
Victoria and Albert Museum (A.98-1927)

Northern Xiangtangshan: Freestanding Sculptures

Seated bodhisattva, Freer Gallery of Art (F1913.57) (see Figure 8) North Cave Back bottom edge of base
Seated Buddha, Victoria and Albert Museum (A.4-1924) North Cave Back bottom edge of base

Stela, University of Pennsylvania Museum of Archaeology and
Anthropology (C429) (see Figure 9)

Unknown location; thought to have been
carved at or near Northern
Xiangtangshan

Bottom of base

Northern Xiangtangshan (provisional association): Funerary Couch (shichuang)

Funerary couch base, Freer Gallery of Art (F1915.110) (see Figure 13)

Unknown location; possibly Middle Cave

Central back area near base

Funerary couch cornice, Freer Gallery of Art (F1915.109)

Unknown location; possibly Middle Cave

Rough edge

Funerary couch cornice, Freer Gallery of Art (F1915.336)

Unknown location; possibly Middle Cave

Rough edge

Southern Xiangtangshan: Sculptures Thought to Have Been Integral

Head of a Buddha, Freer Gallery of Art (1913.135)

Possibly Caves 4—6

Broken surface of neck

Gathering of Buddhas and Bodhisattvas,
Freer Gallery of Art (F1921.1)

Cave 2, upper part of west (front) face of
central pillar

Upper left edge near repair

Western Paradise of the Buddha Amitabha, Freer Gallery of Art (F1921.2)
(see Figure 11)

Cave 2, interior wall above cave temple
entrance

Right edge

Southern Xiangtangshan: Freestanding Sculptures

Standing bodhisattva, Freer Gallery of Art (F1968.45) Possibly Cave 2 Back of figure in waist area
Standing Bodhisattva Avalokitesvara (Guanyin), University of Pennsylvania | Cave 2 Bottom of tang

Museum of Archaeology and Anthropology (C113)

Standing bodhisattva, possibly Mahasthamaprapta, University of Cave 2 Bottom of tang
Pennsylvania Museum of Archaeology and Anthropology (C150)

Standing Pratyekabuddha, University of Pennsylvania Possibly Cave 2 Bottom of tang

Museum of Archaeology and Anthropology (C151)

Standing bodhisattva, Virginia Museum of Fine Arts (56.9.2) (see Figure 12) | Possibly Cave 1 Bottom of tang

Head of Bodhisattva Mahasthamaprapta (Dashizhi),
Freer Gallery of Art (F1916.346)

Possibly Caves 4—6

Broken surface of neck

Note: Historical evidence pointing to the origin of these objects from specific locations at the Xiangtangshan sites is given in Wilson and Wang 2010;

images and previous citations appear in catalogue entries in Tsiang 2010.
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As the majority of sculptures from Xiang-
tangshan were carved directly into living rock,
the first step in this petrographic investigation
was to collect and study typical samples of the
stone from these sites. Petrographic analysis
of limestone entails the systematic description
of the four components—framework grains,
cements, matrix, and porosity. Marbles are
characterized by features such as color, overall
texture, primary grain shape, and maximum
grain size. Other analytical methods were
used as needed, including scanning electron
microscopy (SEM) and cathodoluminescence
(CL) microscopy. This approach allowed for
the proposed sites of origin of the sculptures
to be better established and, in some cases,

for specific questions about provenience to
be addressed.

HISTORICAL BACKGROUND

The Xiangtangshan cave temples in North-
Central China (Figure 1) date to the Northern
Qi dynasty (550—77) and are known to have
contained unsurpassed examples of Buddhist
stone sculpture of this period.” The cave tem-
ples are located at two principal sites. Northern
Xiangtangshan is high on a slope on Gushan
(or Drum) Mountain next to the village of
Hecun, in Wuan County, Hebei Province. Its
three main caves, referred to as North, Middle,
and South, are the largest in scale and the ear-
liest of the Xiangtangshan caves of the North-
ern Qi. They are associated with the Gao royal
family, and the site was a stopping place between
the capital Ye and the family base of Jinyang,
near present-day Taiyuan, Shanxi Province.
Dating is based largely on inscriptions carved
in stone at the cave sites and on other histori-
cal evidence. An important inscription was
found on a stone stela at the site of the Changle
Temple, which appears to have been established
during the Northern Qi period, or earlier, at
the base of Gushan Mountain. The stela itself
was carved later, during the Jin dynasty (1115—
1234), when many Buddhist caves were repaired
and expanded, and it supplies some detailed
information on the origins and construction of

PETROGRAPHY OF STONE USED FOR SCULPTURE FROM THE BUDDHIST CAVE TEMPLES OF XIANGTANGSHAN

the Xiangtangshan caves. The inscription attri-
butes the earliest construction at Northern
Xiangtangshan to Emperor Wenxuan, Gao Yang
(529—559), the first emperor of the Northern Qi.
Southern Xiangtangshan, sometimes called

the Fushan Caves, is about 15 kilometers south-
east, near the town of Fengfeng, Henan Province,
on the north bank of the Fuyang River. It con-
sists of six caves on two levels—Caves 1 and 2
on the lower level and Caves 3—6 above. An

inscription on the carved facade of Cave 2 Figure 1 + Map of Northern

Qi sites in Hebei and Henan
Provinces, from Howard
1996, adapted from
Henansheng gudai jianshu
baohu yanjiusuo: Baoshan
Lingquansi (Anyang: Henan
wenwu chubanshe, 1991),
p. 127, fig. 1

dates the planning and beginning of construc-
tion at the site to 565.

Understanding of these complex sites is still
evolving as scholars try to identify when and
which sculpted works might have originated
there? Much of what is known about Chinese

Northern Xiangtangshan

A

Southern
Xiangtangshan

(0]
Fengfeng Cixian

o
Remains

of Ye
or';
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Figure 2 ¢ Exterior of the
Buddhist cave temples at
Northern Xiangtangshan,
Gushan Mountain,

Hebei Province

Figure 3 + Exterior of the
Buddhist cave temples at
Southern Xiangtangshan,

Henan Province
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Buddhist cave sites was first recorded between
1909 and 1915 by the French sinologist Edouard
Chavannes. His Mission archaéologique dans
la Chine septentrionale (1913—15) includes
detailed photographs and descriptions of many
Buddhist sites, especially Yungang, Longmen,
and Gongxian.* Unfortunately, his book led
not only to further scholarly study but also to
an interest in collecting Buddhist sculpture.
Probably around 1910, sculptures began to be
removed from Xiangtangshan, leaving the
caves severely damaged. Pieces first appeared
on the international art market at that time or
shortly thereafter, and C. T. Loo has been rec-
ognized as a prominent supplier.”> Chavannes

DOUGLAS AND HAYNES

did not visit or document either Xiangtangshan
site, and the caves there were not surveyed
until 1922.° With the publication of Osvald
Sirén’s Chinese Sculpture from the Fifth to the
Fourteenth Century in 1925, modern appraisal
of the sculptures and the caves from which
they presumably came began.”

GEOLOGICAL SETTING

Xiangtangshan is located on the North China
Platform, which consists of Lower Cambrian to
Upper Ordovician strata that were deposited
over a large area, extending about 1,500 kilo-
meters east to west and 1,000 kilometers north
to south. It is dominated by shallow-water
limestones and dolomites of Early Cambrian
age, approximately 542 to 513 million years ago.
The geologic setting of the Xiangtangshan sites
is not well documented, but the limestones there
may belong to the Gushan Formation near
Handan, Hebei, which consists primarily of late
Middle to Late Cambrian tidal-flat limestones
and dolomites, some with well-developed paleo-
karst surfaces.’

ANALYTICAL METHODS
Representative limestone samples, 4—10 centi-
meters long, were obtained from the Buddhist
cave temple sites with the cooperation of Zhang
Lintang, Office for the Management and Preser-
vation of Cultural Properties, Fengfeng Mining
District, Hebei, China. These samples were taken
from the natural stone outcrops outside of the
cave openings (Figures 2, 3)—either from loose
material or from areas already damaged—so as
not to cause further degradation of the heavily
decorated cave interiors. For this study, thir-
teen stone samples were taken from each site.
Stone samples were also obtained from
sculptures in museum collections traditionally
associated with the sites, although these samples
were typically much smaller. They were removed
from inconspicuous locations, usually in areas of
previous loss. Prepared thin sections were ana-
lyzed using standard petrographic methods,” and
SEM was used to further characterize the tex-
tures and the elemental composition of specific



grains, matrix, and naturally precipitated
cements. (See the glossary for definitions of
these and other technical terms, pages 111-12.)

A pilot study of instrumental neutron acti-
vation analysis (INAA)' and stable isotope
ratio analysis"! was undertaken to determine
whether these techniques, which have been
applied elsewhere in geological provenience
studies of limestone and marble sculpture,
would be fruitful in the case of Buddhist sculp-
ture from China. Neither technique was found
to be a useful discriminating technique for
Xiangtangshan limestones.'” Selected thin sec-
tions were also studied using CL at 15 kV and
0.5 UA using standard methods."

LIMESTONE CLASSIFICATION
Limestone classification systems based on
petrography are well established. The accurate
identification of grains, textures, and other
features is critical to the systematic naming of
carbonate rocks, and for this study the com-
prehensive atlas—style guide of Scholle and
Ulmer-Scholle was an indispensable reference."
Four principal components of limestones and
related carbonate rocks are: (1) calcareous
framework grains of both skeletal and non-
skeletal origin, (2) cement, (3) a carbonate or
siliciclastic matrix, and (4) primary or second-
ary pores that tend to occur in carbonate rocks
within and/or between framework grains,
cement, and matrix.*®

The two most widely used limestone classifi-
cation systems are those devised by Robert J.
Dunham of the Shell Development Company*®
and Robert L. Folk at the University of Texas."”
Both assign much significance to the presence
or absence of matrix and to the texture and
composition of framework grains because of
their implications in limestone formation, with
regard to the depositional environment and
subsequent diagenetic changes. The Dunham
classification system divides limestones on the
basis of whether they are grain-supported or
matrix-supported (Table 2). The basic names in
the Dunham classification system (grainstone,
packstone, wackstone, lime mudstone) can be

modified by qualifying terms based on the
petrographic identification of their textural
components, which readily provide informa-
tion on composition and origin. Both the Folk
and the Dunham systems have strengths and
weaknesses, but the Dunham system tends to
be more widely accepted by carbonate petrog-
raphers and is used in this study.

DOLOMITIZATION OF
LIMESTONES
Limestones are very susceptible to postdeposi-
tional alteration, especially recrystallization,
with the sum of these processes known as dia-
genesis. One particularly important diagenetic
process is dolomitization, which can take place
in a variety of postdepositional environments."®
By this process, calcite or aragonite, the primary
minerals of carbonate sediments, are partly or
completely replaced by dolomite, which almost
always occurs as a secondary mineral. One
reason dolomitization occurs is that aragonite
and high-magnesium calcite, having formed
via biomineralization to build and maintain
the skeletal components of calcareous organ-
isms in the marine environment (e.g., corals,
mollusks, echinoderms, calcareous algae), are
metastable or unstable both over time and at
the higher temperatures and pressures that
accompany burial, compaction, and the ulti-
mate lithification of carbonate sediments."”
Dunham’s classification system, published
in 1962, referred to recrystallized carbonate
rocks simply as “crystalline limestone.” Since
that time, appreciation and understanding of
the diagenetic effects on limestone textures
have advanced significantly, and revisions have
been proposed by A. F. Embry and J. E. Klovan®®
and by V. P. Wright.** Wright'’s expanded clas-
sification system proposes using “cementstone”
and “sparstone” along with other descriptive
subcategories to aid in the identification and
classification of carbonate rocks that have
recrystallized. He further appreciated the
importance of identifying whether the original
depositional texture in limestone could be rec-
ognized or if it had been completely obliterated

PETROGRAPHY OF STONE USED FOR SCULPTURE FROM THE BUDDHIST CAVE TEMPLES OF XIANGTANGSHAN
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by recrystallization, and if so, whether the
recrystallization process had involved dolomi-
tization. His 1992 revision and expansion of
the Dunham classification system is important
to the work reported herein because some
Chinese Buddhist sculptures are carved from
limestone that has been moderately to exten-
sively dolomitized.

MARBLE CLASSIFICATION
In this study, all but one of the figures thought
to have been freestanding were carved of fine-

grained marble of very low metamorphic grade.

Thin sections were characterized based on
methods adapted by Lorenzo Lazzarini** and
on various studies on ancient marble quarry
sources and sculpture incorporating petro-
graphic methods described by Chandra L.
Reedy.*® Characterization is based on features
such as color, overall texture, primary grain
shape, and maximum grain size. Further anal-
ysis by SEM was used to determine grain com-
position and accessory mineral content.

Table 2 + Limestone Classification System

GEOLOGICAL SAMPLES FROM
THE XIANGTANGSHAN CAVE
TEMPLE SITES

NORTHERN XIANGTANGSHAN
LIMESTONES

Petrographic analysis of the geological samples
of limestones from Northern Xiangtangshan
shows that they are primarily peloidal oolitic
grainstones (Figure 4) that have been partly
dolomitized but retain many important details
of their original depositional texture. The
majority of the framework grains are oolites
that range in size from o.5 to 1.5 millimeters

in diameter. Most oolites are oval to irregular
in shape with no other particular distinguish-
ing features. Some have a distinct and obvious
bioclastic fragment as a core. Also present are
larger aggregates, known as grapestones, made
up of oolites and other grains bound by an
early generation of cement that precipitated
shortly after deposition. Other framework grains
in these limestones include fragmented bio-
clastic debris, specifically trilobite, brachiopod,

Fabric Category

Rock Name

Depositional Fabric

Matrix-supported (clay and silt grade < 62.5 pm)

< 10% grains Calci-mudstone (or lime mudstone)

> 10% grains Wackstone
Grain-supported

With matrix Packstone

No matrix Grainstone
Biological Fabric
In situ organisms (fossils)

Encrusting binding organisms Boundstone

Organisms acted to baffle Bafflestone

Rigid organisms dominant Framestone
Diagenetic Fabric
Nonobliterative

Main component is cement Cementstone

Many grain contacts are microstylolites Condensed grainstone

Most grain contacts are microstylolites Fitted grainstone
Obliterative

Crystals > 10 pm Sparstone

Crystals < 10 pum Microsparstone

Source: Dunham 1962, adapted by Wright 1992.
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pelmatozoan, and bryozoan fragments of vary-
ing shapes and sizes, as well as peloids and cal-
careous clasts up to 4.0 millimeters in length,
some with micritized rims.

The primary pore spaces between the frame-
work grains have been completely filled by
mosaics of calcite spar that in thin section appear
unlike the oolites in morphology as well as in
color. Whereas most oolites are pale brown, the
calcite spar infill is nearly colorless. Some pores
were initially reduced in number and size by
precipitation of acicular calcite cement, the
texture of which has survived recrystallization.

Postdepositional diagenetic features are
common in the Northern Xiangtangshan
peloidal oolitic grainstones, particularly the
evidence of dolomitization (Figure 5). Many of
the oolites have been partly to extensively
replaced by small clusters of dolomite rhombs.
This replacement was selective, as it appears to
have targeted the oolites much more than the
calcite spar cement that now fills the inter-
granular pore spaces. In addition, stylolites and
associated solution seams occur in several thin
sections of the Northern Xiangtangshan lime-
stones, and they are accentuated by the accu-
mulation of opaque carbonaceous matter and/or
other insoluble residues along their paths.

SOUTHERN XIANGTANGSHAN
LIMESTONES

The geological samples of limestone from the
Southern Xiangtangshan site are primarily
sparsely fossiliferous lime mudstones that
consist mostly of micrite (Figure 6a). This
micrite is calcareous rather than dolomitic, as

determined by standard staining methods.**
The few framework grains in these lime mud-
stones from Southern Xiangtangshan are typi-
cally bioclasts and rare silt-size quartz grains.
The bioclasts include thin, often fragmentary
shells of ostracodes, trilobites, and brachio-
pods. Together, the bioclasts and quartz grains
typically make up less than 5 percent of the
Southern Xiangtangshan limestone samples.
The most significant nonmicritic component
of these mudstones is the very numerous sub-
hedral to euhedral “rice-shaped,” or commonly
rhombohedral, crystals of dolomite about
0.01—0.05 millimeters in length (Figure 6b).
Generally they occur as isolated grains and
occasional clusters in the micrite. Their shape
and orientation indicate that they are pseudo-
morphic, and therefore secondary, after gyp-
sum and anhydrite crystals that nucleated and
grew within the original lime mud of the depo-
sitional environment. Gypsum and anhydrite
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Figure 4 + Peloidal oolitic
grainstone from Northern
Xiangtangshan (sample
NX2), photomicrograph
showing typical oolitic
texture. Characteristics
include: (a) stylolite;

(b) dolomitized oolite;
(c) calcite spar cement;
(d) shell fragment core
inside an oolite.

Figure 5 ¢ Limestone from
Northern Xiangtangshan
(sample NX4), photo-
micrographs taken in
nearby areas in a thin
section showing localized
effects of dolomitization
on its oolitic texture:

(a) incipient dolomite
formation; (b) approxi-
mately 50 percent dolomi-
tization (note stylolite);
(c) near-complete dolo-
mitization with oolite
ghosts remaining



Figure

6 ¢+ Lime mudstone

from Southern Xiang-
tangshan (sample SX2),
photomicrographs illus-
trating: (a) typical fine-
grained texture and
fractures with calcite spar
infill; (b) “rice-grain”

texture that is the result of

secondary dolomite
replacing original gypsum
crystals in the deposi-
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tional environment

are common primary or very early diagenetic
minerals in calcareous muds that deposit along
modern semiarid to arid coastlines, for example,
in the mudflats on the south and southwest
coasts of the Persian Gulf,*® and they are also
seen in ancient limestones composed of lith-
ified sediments formed in similar depositional
environments. As with the lime mudstones
from Southern Xiangtangshan, at some time
after deposition dolomite formed through
pseudomorphic replacement of gypsum and
anhydrite.*®

The lime mudstones from Southern Xiang-
tangshan are also finely laminated. In thin
section these laminations are delineated by
minute compositional and textural differences
that reflect varying proportions of small dolo-
mite rhombs and micrite.

Sometime after lithification, the lime mud-
stone was severely fractured through stresses
associated with geologic deformation. As can
be seen in Figure 6a, these fractures have been
filled by veins of calcite spar. Another impor-
tant feature seen in many samples is evidence
of postdepositional leaching associated with
increased porosity. This leaching may be the
result of karst processes and/or of limestone
dissolution caused by accelerated weathering
that is perhaps attributable to air pollution.
Both fracturing and postdepositional leach-
ing have led to inherent weakness, which is
reflected in the generally poor condition of the
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stone outside the entrance to the Southern
Xiangtangshan caves.

STONE SAMPLES OF BUDDHIST
SCULPTURE ATTRIBUTED TO
XIANGTANGSHAN

PELOIDAL OOLITIC GRAINSTONES

All ten sculptures thought to have been carved
in the living rock in the Northern Xiangtang-
shan caves are peloidal oolitic grainstones or
their dolomitized equivalents. An example is
the Freer Gallery’s kneeling winged monster
(F1916.345), which appears to have been removed
from the right corner of the main altar of the
central pillar in the Middle Cave (Figure 7a).*’
As seen in the photomicrograph of a thin sec-
tion (Figure 7b), the limestone consists of
irregularly shaped oolites with few peloids,
some of which are more than 2 millimeters
long. Calcite spar fills the pore spaces between
these grains, and some dolomitization has
occurred, as evidenced by the clusters of dolo-
mite rhombs throughout the sample.

Among the freestanding statues attributed
to Northern Xiangtangshan is a seated bodhi-
sattva in the Freer Gallery (F1913.57; Figure 8a)
that is thought to have been placed in a niche
in an interior wall of the North Cave. Petro-
graphic study shows that it is carved from a
similar, partially dolomitized peloidal oolitic
grainstone (Figure 8b). Comparable results
were reported for a seated Buddha (A.4-1924)



in the collection of the Victoria and Albert
Museum, also thought to be from a wall niche
inside the North Cave.* In both cases, the
lithologies are consistent with the geological
limestone samples from the Northern Xiang-
tangshan site, supporting the hypothesis that
it was carved from the local stone.

Another important freestanding object, a
stela in the University of Pennsylvania Museum
of Archaeology and Anthropology (C429; Fig-
ure 9a), is thought by some scholars to have
been carved at or near Northern Xiangtangshan
and placed at an unknown location near Tai-
yuan, Shanxi Province, about 400 kilometers
northwest, during the Northern Qi dynasty.
An inscription on the stela includes this pas-
sage, “Having obtained from afar precious

material from lonely mountain caves and
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Figure 7 + (a) Kneeling
winged monster. China,
Hebei Province, Northern
Xiangtangshan, Northern
Qi dynasty (550—77).
Limestone, H. 88.4 cm
(34'%s in.), W. 47.3 cm
(18% in.), D. 28.5 cm

(11% in.). Freer Gallery of
Art, Smithsonian Institu-
tion, Washington, D.C.,
Gift of Charles Lang Freer
(F1916.345); (b) photomicro-
graph showing texture of
peloidal oolitic grainstone

having consulted the best workers nearby,”
which scholars believe refers to Northern
Xiangtangshan.”

Petrographic study shows that this stela is
carved from a peloidal oolitic grainstone that
is again quite similar in texture to the grain-
stones at Northern Xiangtangshan (Figure gb),
suggesting that it originates from the same
geological formation as the grainstones of
Northern Xiangtangshan. Furthermore, a
macroscopic textural feature known as len-
ticular bedding links this stela to the native
stone of the Northern Xiangtangshan site
(Figure 9c), which in some locations is charac-
terized by lenticular bedding (Figure 10). This
distinctive type of layering is consistent with
sedimentary structures that form in modern
arid tidal flats,’® where repeated cycles of
quieter, evaporative periods alternate with
flooding and where mats of cyanobacteria
(blue-green algae) form.

LIME MUDSTONES

Two wall reliefs in the Freer Gallery—
Gathering of Buddhas and Bodhisattvas
(F1921.1) and Western Paradise of the Buddha
Amitabha (F1921.2; Figure 11a)—are originally
from the Southern Xiangtangshan site. West-
ern Paradise of the Buddha Amitabha was
removed from the exterior wall of Cave 2, just
above its entrance, which is now reconstructed
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Figure 8 + (a) Seated
bodhisattva. China, Hebei
Province, Northern Xiang-
tangshan, Northern Qi
dynasty (550—77). Lime-
stone, H. 118.0 cm

(46% in.), W. 75.7 cm

(29% in.), D. 47.3 cm

(18% in.). Freer Gallery of
Art, Smithsonian Institu-
tion, Washington, D.C.,
Gift of Charles Lang Freer
(F1913.57); (b) photomicro-
graph showing texture of
peloidal oolitic grainstone

102

with modern bricks. The limestone is a very
fine-grained lime mudstone (Figure 11b) con-
sistent in texture with samples from outside
the caves at Southern Xiangtangshan. Few
framework grains are present, and the rare
bioclasts are fragmentary. The matrix contains
numerous “rice-shaped” crystals of secondary
dolomite. Like the geological samples, this lime
mudstone is also heavily fractured, with the
fissures now filled by calcite spar.
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MARBLES

Six freestanding figures listed in Table 1,
including a head of Bodhisattva Mahasthama-
prapta (Dashizhi) (Freer Gallery of Art,
F1916.346) thought to be from a standing figure,
constitute a significant assemblage of free-
standing sculpture traditionally attributed to
Southern Xiangtangshan. With the possible
exception of the bodhisattva head,* all were
found to be composed of a similar fine-grained
marble. These sculptures have the outward
appearance of limestone, with fine layering
that appears to be sedimentary in origin, and
several had been previously identified as lime-
stone in museum records. The metamorphic
grade of this stone is sufficiently low that it
would also be correct to classify it as a sedimen-
tary rock, a recrystallized limestone called
sparstone in Wright’s amended Dunham clas-
sification scheme, but herein the stone is
classified as fine-grained marble.

The primary sedimentary texture of this
marble has been largely obliterated through
recrystallization. The stone is calcite-rich with
minor amounts of rhombohedral dolomite, and
minor accessory euhedral pyrite was observed
in most thin sections. Calcite crystal boundaries
tend to be curved or embayed, although straight
and occasional sutured boundaries were also
observed. The maximum grain size in the
individual specimens falls between 0.88 and

1.60 millimeters.?” The marble has a mosaic




Figure 9 + (a) Stela. Prove-
nience unknown, North-
ern Qi dynasty (550—77),
dated 575. Limestone,

H. 213.5 cm (84 in.),

W. 25.5 cm (10 in.),

D. 62.0 cm (24% in.).
University of Pennsylvania
Museum of Archaeology
and Anthropology (C429);
(b) photomicrograph
showing texture of
peloidal oolitic grainstone;
(c) detail of base (obverse)
with lenticular bedding

texture, with a fabric that ranges from hetero-

blastic to homeoblastic. Occasional fine stylo-
lites are present.

An example of this marble is the Virginia
Museum of Fine Arts’ standing bodhisattva
(56.9.2; Figure 12a). In thin section, this fine-
grained stone is seen to be composed of a grayish
mosaic of calcite crystals on average 0.60 milli-
meters in length, with minor rhombohedral
crystals of dolomite (Figure 12b). The texture is
obliterative with no remaining evidence of its
prediagenetic appearance. No outlines of
oolites, bioclasts, or mineralogically distinct
domains remain that might allow for recon-
struction of the depositional and early diagenetic
history. The texture and composition of the fine-
grained marble are dissimilar to those seen in
other dolomitized or otherwise recrystallized
limestones of Northern and Southern Xiang-
tangshan, which usually retain important clues

to their original character, as described above.
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Figure 10 ¢ Life-size
“impression” of the
Buddha’s hand on the
south exterior wall at
Northern Xiangtangshan,
polished smooth inten-
tionally or through wear,
revealing characteristic
lenticular bedding

Figure 11 + (a) Detail of
Western Paradise of the
Buddha Amitabha. China,
Henan Province, Southern
Xiangtangshan, Northern
Qi dynasty (550—77). Lime-
stone, H. 159.3 cm (62% in.),
W. 334.5 cm (131% in.).
Freer Gallery of Art,
Smithsonian Institution,
Washington, D.C., Gift of
Charles Lang Freer (F1921.2);
(b) photomicrograph
showing fine-grained,
thinly laminated texture of
mudstone with calcite
spar—filled fractures
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The remaining standing figures display sim-
ilar petrographic characteristics, suggesting
they might have been carved from a similar or
the same marble. The stone is quite unlike the
heavily fractured lime mudstone of Southern
Xiangtangshan, which may have been unsuit-
able for creating three-dimensional sculpture.
The Virginia Museum’s standing bodhisattva
is also important because it shows some of the
strongest evidence that these figures were
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freestanding rather than carved into the living
rock, as some researchers have suggested.
Whereas most of the figures have a rough-
hewn back that could be interpreted as the
coarse surface left after clandestine removal
from a cave wall, the back of the standing
bodhisattva (Figure 12c) is coated with a well-
developed flowstone deposit of chemically pre-
cipitated calcite that forms when water flows
through a cave. Similar but less-developed
deposits can be seen on most of the other fig-
ures, supporting the hypothesis that they, as
well, were carved in the round.

A second significant subgroup of sculpture
in the Freer Gallery carved from fine-grained
marble includes a funerary couch base (F1915.110)
and two cornices (F1915.109, F1915.336), thought
to be elements of a single couch (shichuang)
with both Central Asian and Chinese Buddhist
motifs. Following initial research undertaken
by the Museum fiir Ostasiatische Kunst in
Cologne in the early 1970s, a possible connec-
tion to Xiangtangshan was proposed.®* A more
recent evaluation of the historical and stylistic
evidence has suggested that these fragments
come from the funerary couch that was in a
niche in the Middle Cave of Northern Xiang-
tangshan.®* Whereas ongoing research of these
three elements as well another five in other
museum collections supports the theory that
they originally were part of the same couch, its
association with Northern Xiangtangshan
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remains to be established. Regardless, the
petrographic examination of the stone material
of these objects is of interest here.

Figure 13 shows the funerary couch base
(F1915.110) along with a photomicrograph
demonstrating that it is a fine-grained marble.
Thin sections from the cornices show features
similar to the funerary couch base, supporting
other evidence that the three pieces were
carved from the same type of stone, possibly
from the same quarry. Yet neither the free-
standing figures nor the funerary couch elements
were carved from the limestone characteristic
of the Xiangtangshan caves from which they
are said to have originated. The evidence indi-
cates that these objects were worked from
stone obtained from a geological source other
than the Xiangtangshan sites, but we currently
do not know whether they were carved there or

at a different location. The similarity of the
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Figure 12 ¢ (a) Standing
bodhisattva. China,

Henan Province,

Southern Xiangtangshan,
Northern Qi dynasty
(550-77). H. 170.1 cm

(67 in.), W. 41.9 cm

(16% in.), D. 28.0 cm

(11 in.). Virginia Museum of
Fine Arts, Richmond,
Adolph D. and Wilkins C.
Williams Fund (56.9.2);

(b) thin section that dis-
plays the texture of a fine-
grained marble, although
the sculpture is described as
limestone in museum
records; (c) detail of reverse
showing flowstone deposit
from the cave environment

+ 105



Figure 13 * (a) Funerary
couch base. China,
possibly Northern
Xiangtangshan, Northern
Qi dynasty (550-77).
Gray marble,

H. 60.3 cm (23% in.),

W. 234.0 cm (92% in.),
D. 23.5 cm (9% in.).
Freer Gallery of Art,
Smithsonian Institution,
Washington, D.C., Gift of
Charles Lang Freer
(F1915.110); (b) photo-
micrograph showing
fine-grained texture
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fine-grained marble in the standing figures and

the elements of the funerary couch suggest a
common provenience of the marble itself, a
possible connection that deserves to be
explored.

ANALYSIS BY CATHODO-
LUMINESCENCE MICROSCOPY
Cathodoluminescence (CL) microscopy is an
imaging technique for examining thin sections
using an optical microscope with a CL-stage
attachment. CL emission is achieved by bom-
barding a material with an electron beam from
a cathode ray tube. Emissions from some min-
erals reveal textures and compositional varia-
tions that are not otherwise evident with visible
light. Carbonate minerals such as calcite and
dolomite, when thus exposed, emit visible
light at wavelengths reflecting the presence of
impurities within their crystal structure that
can be used to recognize differences in trace
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elemental composition. CL microscopy allows
spatial variations to be recorded and is a reli-
able discriminant technique that can be rap-
idly performed.

Selected samples from both temple caves
and the sculptures were studied using CL
microscopy to determine whether this tech-
nique could yield further information that might
help identify and differentiate the limestones
from one another. In carbonates, manganese
(Mn?*) is often a main activator of CL emission.
In calcite and dolomite, manganese tends to
produce orange and red emissions, respectively,
at around 620 and 660 nanometers. Other colors
can occur depending on the presence of addi-
tional trace element activators, such as rare
earth elements, or other factors, such as crystal
growth kinetics. In general, trace amounts of
iron (ferrous, Fe**, and ferric, Fe?*) act to dampen
or completely quench the CL signal. Some
experimental evidence suggests that for carbon-
ate minerals, the color of the CL and its inten-
sity are controlled primarily by the ratio of
iron to manganese rather than by the absolute
concentrations of either Fe or Mn cations.*

For all the limestones examined here, the CL
images show textures similar to those observed
in the petrographic study (Figures 14, 15). The
framework grains, which are primarily oolites
and peloids in the Northern Xiangtangshan
samples, and a few bioclasts and secondary
dolomite crystals pseudomorphic after gyp-
sum in the Southern Xiangtangshan samples,
tend to be bright orange-red when imaged
using CL microscopy. This finding suggests
that they are richer in Mn?** than the cements
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in the limestones from both sites, which are
darker and therefore likely to be more Fe-rich.
Compositions of these framework grains and
of the dolomite pseudomorphs were verified
through semiquantitative elemental analyses
of samples with an energy dispersive X-ray
analyzer in a scanning electron microscope.
The Ca to Mg ratio was determined on a num-
ber of grains using this method, and the aver-
age value for calcite was found to be 97 to 3,
and for dolomite, 58 to 42. The latter values
given for dolomite are close to the rarely
occurring stoichiometric ratio of 50 to 50.>

Of particular note are CL photomicrographs

of the fine-grained marble samples of the
standing figures and the components of the
funerary couch (Figure 16). Most of those
images show a dark reddish color, with euhe-
dral crystals of dolomite that luminesce a
bright orange to orange-red. Here, as well, the
dolomite probably is bright because a Mn**

activator is present, and the calcite is darker
due to the quenching effect of iron. This feature
was observed consistently on all of the marble
samples, a finding that may point to the same
or similar geological sources for the standing
figures and the funerary couch components.

CL microscopy provided textural informa-
tion similar to that found using petrography
but also contributed compositional data. In
every case, the results of the CL microscopy
strengthened the proposed correlations between
samples obtained from sculptures and those
obtained from geological materials from the
cave sites.

The present study pioneers the use of petro-
graphic methods for characterizing stone
materials used in Chinese Buddhist sculpture
and explores their suitability in this context.
Problems with identification, characterization,

and differentiation invariably arise with
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Figure 14 + Cathodo-
luminescence images of
thin sections from peloidal
oolitic grainstones from
Northern Xiangtangshan:
(a) site sample NX2;

(b) seated bodhisattva
(F1913.57). Most of the
oolites are primary dolo-
mite that appears medium
orange-red; secondary
dolomite rhombs are
bright orange-red (often
zoned); most of the natural
cement is Fe-rich and
darker than the oolites;
minor amounts of inter-
stitial cement are medium
orange; late-stage pore-
filling calcite spar cement
is yellow.

Figure 15 + Cathodo-
luminiscence images of
thin sections from lime
mudstones from Southern
Xiangtangshan: (a) site
sample SXo; (b) Western
Paradise of the Buddha
Amitabha (F1921.2). The
dolomite crystals were
formed through pseudo-
morphic replacement of
gypsum and appear
medium to bright orange-
red; fine-grained Fe-rich
micrite is dark; late-stage
pore-filling calcite cement
is yellow.
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Figure 16 + Cathodo-
luminescence images of
freestanding objects, fine-
grained marbles:

(a) standing bodhisattva
(F1968.45); (b) funerary
couch base (F1915.110).
Most of each sample is

an idiotopic mosaic
composed primarily of
euhedral Fe-rich calcite
crystals that appear dark;
the euhedral Mn-rich
dolomite grains are
brighter orange-red; small
amounts of pore-filling
calcite spar are yellow.

108 »

0.5 mm

limestones that are pervasively recrystallized
or dolomitized, and analytical methods that
involve chemical analysis are therefore prob-
lematic. For limestones that exhibit pervasive
diagenetic changes, as well as the effects of
weathering, petrographic analysis proved to be
the best characterization method. By establish-
ing a petrographic basis for the characteriza-
tion of limestones from the cave temples of
Northern and Southern Xiangtangshan, this
study can serve as a guide for future investiga-
tions of Chinese Buddhist sculptures in
museums worldwide. The approach taken in
this study can be used as a first step in all stud-
ies of provenience of stone sculpture and has
the potential to become the norm for more
meaningful comparisons in the future.
Petrography allows for the comprehensive
characterization of limestones, and it has
shown that exceptional agreement exists
between limestone collected from the cave
temple sites and Buddhist sculptures in
museum collections. At Northern Xiangtang-
shan, the native peloidal oolitic grainstone was
used for sculpture carved in the living rock as
well as for the freestanding seated Buddha fig-
ures that were placed in the niches in North
Cave. The freestanding stela thought to have
been carved at Northern Xiangtangshan also
shares petrographic and textural features with
the grainstones from this site. (For a discus-
sion of comparable oolitic limestones from
Longmen, another important Buddhist cave
temple complex, see Appendix 1, pages 110—11.)
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The native limestone at Southern Xiang-
tangshan is a lime mudstone that is heavily
fractured and partially recemented with
numerous veins of calcite spar. Both wall
reliefs in the Freer Gallery are carved from this
distinctive fractured limestone.

The marble used for several freestanding
sculptures in this study originates from a geo-
logical source quite different from those at the
Northern or Southern Xiangtangshan sites.
Their provenience remains undetermined at
present, but additional sampling and further
petrographic analyses may help to shed more
light on this topic. The same holds true for the
funerary couch base and cornices, which are
also carved from fine-grained marble and thus
could have an origin similar to that of the free-
standing sculptures.

As an analytical method, CL microscopy
was found to be an excellent complement to
petrography. It helps confirm the composi-
tional and textural features of limestones and
marbles and, in particular, was found useful in
the detailed characterization of natural cements.
This investigation advances understanding of
sculpture from Xiangtangshan and offers valu-
able support to the ongoing art-historical
studies on Buddhist sculpture from China.
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1 Wilson and Wang 2010.

2 The most recent research on the historical context of
Xiangtangshan and its sculpture is summarized in
Tsiang 2010, pp. 18—22.
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Wilson and Wang 2010.

Chavannes 1913; Chavannes 1915.

Wilson and Wang 2010. The art dealer C. T. Loo was
the single most important source of works taken from
the Xiangtangshan sites. Loo mentions in the preface
to his 1940 sales catalogue that he sold a bodhisattva
head from Xiangtangshan to a French dealer in 1909
or 1910 (Loo 1940, unpaged).

The first detailed survey of Xiangtangshan was
started in 1922 and published in Tokiwa and Sekino
1925—38; English translation Tokiwa and Sekino
1926-38, vol. 3, text, pp. 41—58.

Sirén 1925.

Meng, Ge, and Tucker 1997, pp. 190—92.

Standard thin sections having a thickness of about
30 micrometers were prepared by Spectrum Petro-
graphics, Vancouver, Washington.

Blackman and Bishop 2007; Matthews 1997; Meyers
and van Zelst 1997; Holmes and Harbottle 1994a;
Holmes and Harbottle 1994b.

Attanasio, Brilli, and Bruno 2008.

The pilot study included nine samples from Northern
Xiangtangshan, six from Southern Xiangtangshan,
and thirteen from sculptures in the Freer Gallery.
One hundred milligrams were taken for analysis from
homogenized drilled powder samples each weighing
approximately 1 gram. Initial results of this study
showed overlapping fields of compositional and isotopic
data, presumably attributable to chemical changes that
result from some combination of stone weathering
and postdepositional diagenetic changes, which are
severe on the cave exteriors, as well as pervasive dolo-
mitization of some samples, which is common in
ancient carbonates dating to the Ordovician and
Cambrian periods. The overall lack of diversity in
chemical elements typically present in carbonate rocks
as compared with siliciclastic mudrocks may be another
contributing factor (Taylor and McLennan 1985).
Marshall 1988, esp. pp. 76—93.

Scholle and Ulmer-Scholle 2003.

Tucker and Wright 1990, pp. 1—27.

Dunham 1962; Wright 1992.

Folk 1974.

Machel and Mountjoy 1986.

Tucker and Wright 1990.

Embry and Klovan 1971.

Wright 1992.

Lazzarini 2004.

Reedy 2008, pp. 87—96.

Dickson 1965. The staining method described by
Dickson allows for differentiation of iron-poor and
iron-rich calcite, and dolomite. Nonferroan calcite
accepts a pink stain; ferroan calcite takes a mauve to
light purple stain; nonferroan dolomite does not
stain; and ferroan dolomite takes a greenish-blue to
blue stain, depending on iron content.

Al-Sharhan and Kendall 2003.

Scholle and Ulmer-Scholle 2003.

The kneeling winged monster is one of two originally
located on opposite sides of the central pillar in the
Middle Cave at Northern Xiangtangshan. Whereas
the companion figure appears to have been carved
directly in the stone and is largely intact today, the
Freer Gallery’s monster was probably created sepa-
rately and set into position during the Northern Qi
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Figure App. 1.1 + Oolitic
grainstone from the cave
temple site of Longmen,
Henan Province (sample
L1s), photomicrograph
showing relatively small
oolites (around 0.34 mm

in diameter), which are of

more uniform size than
those found in the lime-
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stones of Northern
Xiangtangshan

dynasty. A large fracture that runs through the cave
interior in the monster’s former location suggests
that the quality of some of the stone in this area may
not have been suitable for carving, thereby prompting
installation of a freestanding figure (Tsiang 2010, p. 191).

28 The seated Buddha was studied by petrographic
methods as reported in R. W. Sanderson, British
Museum (Natural History), Geological Museum,
London, to John Larson, Sculpture Conservation
Department, Victoria and Albert Museum, London,
May 20, 1988. Sanderson describes the limestone as a
“recrystallized, brownish gray limestone, probably
originally an oopelsparite” and documents a mosaic
of calcite spar, with ghosts of rounded masses up to
about 0.7 millimeters in length. Although the letter
does not include photomicrographs, this description
indicates that the sample is similar to the peloidal
oolitic grainstones from Northern Xiangtangshan.

29 Quoted in Tsiang 2010, p. 233.

30 Collinson, Mountney, and Thompson 2006.

31 Petrographic analysis of the small sample from the
bodhisattva head (F1916.346) was inconclusive, but it
is consistent in appearance with an extremely weath-
ered area on the marble standing bodhisattva in the
University of Pennsylvania Museum of Archaeology
and Anthropology (C150).

32 Lazzarini 2004. A maximum grain size of 2 milli-
meters roughly separates fine-grained marble from
medium-grained varieties.

33 Gabbert 1972, pp. 279—85, 414—17. In the files of the
Museum fiir Ostasiatische Kunst, Cologne, is a hand-
written comment in the inventory log of 1932-39 by
the museum’s director, Frieda Fischer, noting a com-
munication from James Mellon Menzies, a professor
at the Shandong Christian University, China, stating
that he had seen the intact funerary couch in a burial
chamber in one of the Northern Xiangtangshan
caves. Discussion of the site as a burial place contin-
ues today, but no further evidence establishing that
the funerary couch was situated at Northern Xiang-
tangshan has come to light.

34 Priewe 20009.

35 Frank, Carpenter, and Oglesby 1982.

36 Tucker and Wright 1990, p. 370.

APPENDIX 1

LIMESTONES FROM THE
LONGMEN CAVE TEMPLE SITE

The Buddhist cave temple site of Longmen,
encompassing about 1,400 caves, is near the
city of Luoyang, Henan Province, approximately
250 kilometers southwest of the Xiangtang-
shan sites. Although Longmen is not the focus
of this article, it seems worthwhile to briefly
discuss some limestone samples obtained from
that site because they exhibit some similarities
to those from Northern Xiangtangshan. Like
the latter, the limestones from Longmen are
largely oolitic grainstones. Nonetheless, some
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important differences in their petrographic
characteristics are becoming evident.

Preliminary examination of several lime-
stone samples from Longmen showed that
some of their oolites have been appreciably
dolomitized (Figure App. 1.1). The oolites in
these samples are circular to slightly elliptical
in shape and fairly uniform in size. A distinct
concentric fabric outlines the original cortices
of some of the Longmen oolites, and some
have nuclei of unidentifiable micritized grains.
Peloids are rare.

Other framework grains in the Longmen
limestones include curved, micritized frag-
ments, perhaps of ostracode shells. A few pel-
oids, trilobite and brachiopod fragments, and
rare echinoderm fragments identifiable by their
characteristic syntaxial overgrowths constitute
the remaining framework grains. Most of the
framework has dolomitized to some degree,
but the grains are still recognizable from their
distinct shapes and textures. Rare pyritized
grains are also present.

The original pore spaces are reduced in size
and number by calcite spar infill, which has been
variably dolomitized and recrystallized, as shown
by the abundance of euhedral to subhedral
dolomite rhombs. The dolomite has selectively
replaced the original carbonate minerals that
constituted the oolites and other framework
grains, as well as the original pore-reducing

cement. Occasional stylolites are also present.




Table App. 1.1 + Oolite Size and Sorting in Geological Samples from the Northern Xiangtangshan (NX) and

Longmen (L) Cave Temples

Sample 1(\:[:;1; N([;(:La)n Sorting (o)
NX3,n =37 0.54 0.57 0.78
NX7,n =108 0.49 0.51 0.76
Lig,n=31 0.35 0.35 0.25
L16,n = 22 0.32 0.34 0.34
Liz,n=31 0.36 0.36 0.18

In marked contrast to these oolitic grain-
stones, other Longmen samples are sparstones
or dolosparstones with obliterative fabrics that
are primarily idiotopic in character,' a texture
that may be the result of an episode of perva-
sive dolomitization and recrystallization. The
individual dolomite crystals range in length
from 0.30 to 0.60 millimeters.

Although oolitic grainstones occur at both
Northern Xiangtangshan and Longmen, this
limited comparative study suggests they are
distinguished by measurable differences in the
size and distribution of the oolites. As shown
in Table App. 1.1 and in photomicrographs of
these limestones, the Northern Xiangtangshan
oolites tend to be larger and more varied in
shape, with an average diameter of 0.51 milli-
meters and with a sorting of around 0.77. By
contrast, the Longmen oolites are generally
smaller, about 0.34 millimeters in diameter,
and of a more uniform size, with a sorting of
around o0.26. Oolites from the Northern Xiang-
tangshan site tend to be more elliptical and
irregularly shaped as compared to the more
spherical Longmen oolites.

Given the considerable size of the Longmen
site and the small number of samples in the
current study, future research is necessary to
more precisely characterize the varieties of
limestones that occur there.

NOTE
1 Sibley and Gregg 1987.

GLOSSARY OF GEOLOGICAL TERMS

acicular. A crystal habit characterized by a radiating
mass of slender, needlelike crystals.

anhydrite. A mineral composed of anhydrous calcium
sulfate (CaSO,).

aragonite. One of two common minerals composed
of calcium carbonate (CaCOj;) usually found in
limestone.

bioclast. Clast of skeletal (biological) origin.

calcareous. Formed from or containing a high pro-
portion of calcium carbonate (CaCOj) in the form
of calcite or aragonite.

calcite. Mineral composed of calcium carbonate
(CaCOs) found in marble, limestone, chalk, etc.

calcite spar. Coarse crystalline cement that fills pore
spaces in many limestones. Calcite spar forms by
precipitation from carbonate-rich solutions pass-
ing through pore spaces in the sediment. It con-
sists of minute vein- or pore-filling crystals that
increase in size toward the cavity center. It is
coarser than micrite and in thin section can be
distinguished by its clarity and crystallinity.

carbonate rock. Rock composed of carbonate min-
erals, especially limestone and dolomite.

cement. Pore-filling crystals that act to bind grains.

clast. Fragment of an at least partially lithified
carbonate sediment that has been transported and
redeposited.

compaction. Diagenetic process that involves both
physical and chemical changes leading to loss of
water and pore space.

diagenesis. Chemical, physical, or biological changes
undergone by sediments after initial deposition
and during and after lithification, exclusive of sur-
face alteration (weathering) and metamorphism.

dolomite. Mineral composed of calcium magnesium
carbonate [CaMg(COs),].

dolomitization. Process by which limestone is
altered to dolomite. When limestone comes in
contact with magnesium-rich water, the dolomite
replaces the calcite, volume for volume. Dolomiti-
zation involves recrystallization and therefore
causes obliteration of original sedimentary texture.

euhedral. Characterized by well-crystallized faces.

fabric. Spatial and geometric configuration of all
elements that constitute a rock, which are usually
related to the directional orientation of its grains.
A rock’s fabric is typically on a larger scale than its
texture.

framework grain. Detrital component of sedimen-
tary rock of either skeletal or nonskeletal origin,
typically up to about 2 millimeters in diameter.
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grain-supported. Descriptor to indicate the domi-
nance of framework grains in a limestone.

grapestone. Aggregate of a small number of recog-
nizable grains cemented together by micrite or
calcite spar.

gypsum. Mineral composed of calcium sulfate
dihydrate (CaSO,-2H,0).

heteroblastic. Characterized by a nonuniform
mosaic of calcite crystals of varying grain size.

homeoblastic. Characterized by an equidimensional
mosaic of calcite grains, typically with straight
and gently curved boundaries.

idiotopic. Descriptor of a carbonate texture in
which most crystals are euhedral.

karst. Terrain, generally underlain by limestone or
dolomite, in which the topography is chiefly
formed by rock dissolution and may be character-
ized by sinkholes, closed depressions, subterra-
nean drainage, and caves.

lenticular bedding. Primary sedimentary structure
of lens-shaped layers that form in tidal and delta
front depositional environments with waters fluc-
tuating between high and low energy. When len-
ticular bedding occurs in limestones it typically
consists of alternating layers of dark gray calcite-
rich limestone and light brown dolomite-rich
limestone.

limestone. Sedimentary rock consisting primarily of
calcium carbonate (CaCOs).

lithification. Various processes whereby sediments
are converted into stone.

marble. Metamorphosed limestone composed
mainly of recrystallized calcite with dolomite.

matrix. Very fine carbonate or siliciclastic sediment
typically less than 62 microns in diameter.

matrix-supported. Descriptor to indicate the pre-
dominance of microscopic carbonate or silici-
clastic sediment in a limestone.

metamorphic grade. Measure of the relative inten-
sity of metamorphism undergone by a specimen.
In general, the presence of mineral assemblages
stable at progressively higher pressures and tem-
peratures indicates a higher metamorphic grade.

micrite. Dense, fine-grained carbonate mud (or
microcrystalline calcite) with particles usually less
than 5 microns in size; sometimes refers to rocks
composed of mud formed by erosion of larger
carbonate grains or by precipitation of organic
materials.

micritization. Precipitation of micrite resulting
from the degradation of skeletal carbonate par-
ticles by cyanobacteria (blue-green algae).

nonskeletal. Framework grains derived primarily
from nonbiological processes.

oolite (also called ooid). Coated grain with a calcare-
ous cortex that typically has concentric layers and
a nucleolus of variable composition. Oolites tend
to be spherical or elliptical and less than 2 milli-
meters in diameter.
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peloid (also called pellet). Sand-size framework
grain (0.6 to 2.0 millimeters) composed of micrite;
one of the four common framework grains in car-
bonate rocks (the others are bioclasts, intraclasts,
and oolites). Peloids can be rounded or sub-
rounded to irregular in shape and are internally
structureless. They are either fecal pellets of
marine invertebrates or carbonate grains that
have been so significantly altered by micritization
that their structure and origin are no longer
recognizable.

pseudomorph. A mineral that substitutes for
another through replacement while the general
shape and dimensions remain unchanged.

recrystallization. Diagenetic process causing
changes in the crystal fabric of a mineral while its
species remains the same.

siliciclastic. Descriptor of noncarbonate sediment
or rock that is composed almost exclusively of
quartz or other silicate minerals.

skeletal. Derived from organisms that produce cal-
careous skeletons.

stylolite. Irregular discontinuity or nonstructural
fracture in limestones and other sedimentary
rocks. Stylolites result from compaction and
pressure dissolution during diagenesis.

syntaxial overgrowth. A crystallographically ori-
ented overgrowth of a mineral on a substrate of
the same chemical composition.

texture. Relationship between component particles
or crystals of a rock and their geometric aspects,
such as size, shape, and sorting.
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