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The Chusang travertine is situated in southern Tibet at an altitude of ~4200m asl. in a cold-arid, periglacial environ-
ment and is characterized by interbedding of hydrothermal carbonate with colluvium. Here we present sedimen-
tological and petrographical data to elucidate the depositional environment and sedimentary processes
responsible for hydrothermal carbonate precipitation and early diagenetic alteration as well as clastic sediment
accumulation and provide initial 230Th/U ages to constrain the time-depth of this travertine–colluvium succession.
Three main travertine lithofacies have been identified: 1) a dense laminated lithofacies, 2) a porous layered
lithofacies and 3) an intraclastic lithofacies that results from erosion of pre-existing hot spring carbonate. The col-
luvium is composed of cohesive debris flow layers that derived from mass-wasting events from the adjacent
hillslopes. Micro-fabric analyses suggest that dense laminated travertine forms via rapid calcite precipitation
from hot spring water seasonally subjected to severe winter cooling, while porous layered travertine results
from seasonal dilution of hot spring water with rain water during the summer monsoon months, which in
turn stimulates biological productivity and gives rise to a porous summer layer. Early diagenesis in the form of
recrystallization and extensive formation of pore cements is common in the Chusang travertine, but never erad-
icates the original crystal fabrics completely.
The sedimentary architecture of the deposit is conditioned by (i) the gently dipping (~10°) pre-existing terrain
on which hot spring water is discharged from multiple travertine mounds causing laterally extensive travertine
sheets to precipitate, and (ii) the adjacent much steeper (up to 30°) periglacial hillslopes that are the source area
of repeated debris flows that accumulate on the travertine surface. The resulting travertine–colluvium succession
has a total thickness of ~24m and 230Th/U dating suggests that the base of this succession has a minimum age of
~486 ka, while the upper part (top-most ~8 m) of the succession started accumulating in the earliest Holocene.
We hypothesize that hot spring activity (and thus travertine precipitation) and the occurrence of debris flow
events has a climatic nexus, i.e. are both triggered by phases of enhanced Indian summer monsoon.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Travertines are continental spring carbonates that precipitate from
hydrothermal water (generally N30 °C in temperature) and that are
typically bound to crustal-scale faults in extensional tectonic regimes
(Özkul et al., 2002; Zentmyer et al., 2008; Capezzuoli et al., 2014;
Della Porta, 2015; Croci et al., 2016). High rates of carbonate precipita-
tion are common in travertines (frequently ≥1 cm/year; Pentecost,
2005) with two major consequences: (i) rapid crystal growth that
results in high primary porosity, and (ii) high temporal resolution of
proxy signals stored in these deposits. The latter effect is often
expressed as lamination that resolves climate and temperature
variability on a seasonal (Chafetz and Folk, 1984; Liu et al., 2010), and
sometimes monthly or even diurnal scale (Chafetz and Folk, 1984;
r).
Takashima and Kano, 2008). Furthermore, spring carbonates such as
travertines are – at least in principle – amenable to uranium-series
disequilibrium dating (e.g. 230Th/U dating; Mallick and Frank, 2002;
Garnett et al., 2004; Stone et al., 2010) as well as luminescence dating
(Rich et al., 2003; Mahan et al., 2007; Vazquez-Urbez et al., 2011), and
are hence valuable archives of paleoclimatic and paleoenvironmental
change (Frank et al., 2000; Minissale et al., 2002; Faccenna et al.,
2008; Liu et al., 2010; Toker et al., 2015). In several reported instances
travertines as well as other types of continental spring carbonates are
also stratigraphically and/or spatially associated with archeological re-
mains, especially in arid and semi-arid areas (the Tibetan highlands in-
cluded) and can thus act as valuable archeological repositories too
(Grün et al., 1988; Hill, 2001; Zhang and Li, 2002; Smith et al., 2004,
2007; Ashley et al., 2010).

Exploiting the paleoenvironmental and geoarcheological informa-
tion stored in travertines is, however, impeded by the fact that these de-
posits are prone to early diagenesis, because of their high initial porosity
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and permeability (Pentecost, 2005; Jones and Renaut, 2010; Capezzuoli
et al., 2014). Diagenesis can alter the geochemical composition and thus
paleoclimatic proxy signals recorded in spring carbonate deposits
(Andrews, 2006), and also cause problems for 230Th/U dating (e.g.
open-system behavior with respect to uranium and/or thorium;
Garnett et al., 2004; Stone et al., 2010). Moreover, detrital material
(e.g. clay minerals) might afflict the quality of 230Th/U dates of these
deposits. Hence, a detailed study of the macroscopic and microscopic
crystal fabrics and reconstruction of the depositional environments is
necessary to gain insights into the sedimentary and diagenetic history
of travertines (Chafetz and Folk, 1984; Jones and Renaut, 2008; Rainey
and Jones, 2009) and to assess their fidelity as a paleoenvironmental
archive.

On the Tibetan Plateau, hydrothermal springs and travertine
deposits are common and preferentially occur along north–south
trending active graben systems (Tong et al., 2000). Yet, in a Tibetan con-
text, these hydrothermal spring carbonates are severely under-
researched. Little is known about the nature of paleoclimatic informa-
tion stored in these carbonates and the paleoenvironmental significance
of past periods of travertine formation. The few Tibetan travertine sites
that have been described so far include the Targjia and the Zabuye trav-
ertine (both central Tibet; Zhao et al., 2006; Zhao et al., 2010), the
Nyalam travertine (southern Tibet; Zentmyer et al., 2008) and the
Rongma travertine (northern Tibet; Gao et al., 2013). One particularly
interesting travertine site is situated ca. 80 km northwest of Lhasa
(Chusang; Fig. 1), where nineteen human hand- and footprints were
discovered on the surface of the Chusang travertine (Zhang and Li,
2002), and are thought to be of Late Pleistocene age (Zhang and Li,
2002; Zhang et al., 2003), rendering Chusang an archeological key site
for the Tibetan Plateau. Furthermore, the travertine deposit at Chusang
is interbedded with colluvium and alluvium resulting in a ~24 m thick
succession of hydrothermal carbonate and detrital terrigenous strata.
Only very few examples of such mixed travertine-terrigenous succes-
sions have been described so far (e.g. Schulte et al., 2008; Zentmyer
et al., 2008; Özkul et al., 2014; Claes et al., 2015; Croci et al., 2016), but
these studies already highlight the variety of lithofacies types anddiffer-
ent depositional architectures encountered in these deposits.

Alluvial fans and colluvial deposits are common on the Tibetan
Plateau, owing to the sparse vegetation cover and periglacial processes
operating on the hillslopes. Nevertheless, these unconsolidated sedi-
ments are also highly erodible; hencemost of these terrigenous deposits
reflect the latest Pleistocene and Holocene sedimentary dynamics on
the plateau only (Wang and French, 1995; Kaiser et al., 2007, 2009). In
the case of Chusang, however, the travertine layers are shielding the in-
terbedded colluvial strata from erosion, and it is thus likely that in the
stratigraphically lower part of the succession much older colluvium is
preserved as compared to the adjacent hillslopes, allowing sediment
based climate records to be extended back in time.

In this study, we conducted sedimentological and petrographic anal-
yses on the travertine–colluvium succession of Chusang in order to re-
construct its stratigraphic architecture and depositional environment,
to elucidate the processes responsible for travertine precipitation and
to investigate the degree of diagenetic alteration. This work thus
(i) lays the foundation for a 230Th/U dating study, designed to provide
an accurate chronological framework for the Chusang travertine succes-
sion and the human imprints encased in this carbonate (ii) is one of the
first studies that focuses on the interplay between thermogene traver-
tine and alluvial/colluvial deposition in a cold-arid periglacial environ-
ment and (iii) provides a conceptual model for the relationship
between an enhanced summer monsoon and the sedimentary evolu-
tion of the Chusang succession.

2. Geomorphological setting and basic sedimentary architecture

The Chusang travertine is located near the village of Chusang
(variously referred to as Quesang or Qiusang in the literature) about
80 km northwest of the city of Lhasa (Fig. 1). Today, the mean annual
air temperature (MAAT) in the study area is ~4 °C (derived by adjusting
theMAAT of Lhasa to an altitude of 4200m asl. using the average atmo-
spheric lapse rate of 0.65 °C/100 m) and the mean annual precipitation
(MAP) is ~430 mm (data from the Public Weather Service Center of
China). This part of the Tibetan Plateau is under the influence of the
Indian and South Asian summer monsoon, delivering ca. 88% of the
MAP between June and September (Public Weather Service Center of
China).

The travertine deposit covers ~0.6 km2 of a gently inclined (~5–12°)
NW-facing slope between ~4070 m and 4280 m above sea level (asl.).
Two hot springs with a discharge of ~0.1–0.3 L/s are present at the trav-
ertine site (Fig. 1). Themain spring is situated at 4270m asl. and is used
in a public bath house (Fig. 1). Steeper slopes are surrounding the trav-
ertine and extend up to 4905 m asl. Periglacial slope and mass-wasting
processes (frost creep, solifluction) and scarps formed by soil creep and
active layer-detachment slides are abundant in the steeper upslope
areas above ~4280 m (Fig. 1C, D). A ~560 m-long head scarp is present
at the eastern end of the Chusang travertine at an elevation of 4300 m
and ~185 m upslope of the main hot spring (Fig. 1C, D). Approximately
1.5mof displacement and several fresh sinkholes can be observed along
this scarp suggesting ongoing subrosion. No additional or superordinate
landslides were observed in remote imagery or during the field
campaigns at Chusang or in any of the adjacent catchments.

Two ephemeral streams incise into the Chusang travertine along its
southern and northernmargin, respectively (Fig. 1), exposing individual
travertine sheets that alternate with layers of colluvial and occasionally
alluvial sediment (Figs. 2, 3). Logging along the southern and the north-
ern gully as well as inspection of outcrops along the street reveals at
least seven such clastic layers (Fig. 4). Individual travertine beds attain
a thickness of 0.3 to 7 m, while layers of clastic sediments vary from
0.5 m to 4 m in thickness. The entire thickness of this travertine–
colluvium succession is ~24 m. In the upper part of the Chusang traver-
tine (between ~250 m and ~330 m downslope of the modern main
spring; Fig. 1C, D) at least five paleo-spring orifices, some up to 3 m in
diameter and 2 m in height, are located. These orifices represent
remnants of former travertine mounds and cones (Figs. 2B, 3A;
Pentecost, 2005) and occur in the same stratigraphic horizon. Travertine
sheets precipitated from water that discharged from these orifices,
causing coalescing of the mounds and cones into an interconnected
complex (Figs. 1D, 2A). Additional travertine mounds are present at
Chusang but are less well-preserved. In south-eastern direction (i.e. up-
slope towards the human imprints and the modern main hot spring)
further layers of travertine and colluvium are overlying this complex
with the main modern hot spring discharging on top of this succession
(Fig. 2A). Other travertine features such as larger slope terraces,
travertine pools or dams are absent. Smaller terraces, mini-rimstone
and shallow ponds exist butmost of them suffered from surface erosion
or are partly covered by clastic sediment.

3. Geological setting

The area of Chusang travertine is composed of a sequence of
shallow-marine and clastic sedimentary rocks (limestone, sandstone
and siltstone), as well as volcanic rocks (tuffaceous rocks, dacite, andes-
ite and lava breccia). This sequence is known as Chaqupu Formation and
extends from the Late Paleozoic into the Mesozoic (Zhang, 1997; Xie
et al., 2010). Thin-section analysis of a sample obtained from the
bedrock that underlies the Chusang travertine at its eastern margin
yielded an oolite limestone, which according to Xie et al. (2010) is Trias-
sic in age. The volcanic rocks occur stratigraphically and tectonically
below these carbonates and thus likely constitute the deeper parts of
the Chusang aquifer (Xie et al., 2010). Tectonically speaking, the study
area is part of the Lhasa terrane and situated 27 km east of the
Yadong-Gulu graben system (Armijo et al., 1986; Yin and Harrison,
2000), one of six approximately north–south striking graben systems



Fig. 1. Location of the Chusang travertine site (A) and its geomorphological setting (B and C) as well as sampling locations (D). Images B and D are from Google Earth.
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Fig. 2.Geomorphological details and sedimentary architecture of theChusang travertine. (A) Viewof the stratigraphic upper part of theChusang travertine–colluvium succession (towards
northeast) showing laterally extensive travertine sheets with bathing house complex in the background. (B) View of colluvial layer overlain by a travertine mound complex (southern
gully, depth 7–12 m — see Fig. 4; view towards north). The colluvium is composed of grayish (x) and brownish (o) debris-flow deposits. (C) View of the stratigraphic lower part of the
succession composed of dense laminated carbonate (bathing house in background marked by an arrow; view towards southeast). Several quarries (Q) indicate mining activities of
local population. Sample QS-T-6 was taken from the lower left quarry. Younger alluvial fan sediments that rest on top of travertine are exposed in the foreground.
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in southern Tibet with a particularly high spreading rate (6.5 mm/year;
Blisniuk et al., 2001; Chen et al., 2004). These grabens in conjunction
with normal faults and rifts in northern Tibet and right-lateral strike
slip motion along the Yarlung-Tsangbo suture and the Karakorum Jiali
fault zone accommodatemuch of the extensional deformation of the Ti-
betan Plateau that occurred during the Late Cenozoic in response to on-
going north–south shortening of the Tibetan crust and mantle
lithosphere (Blisniuk et al., 2001; Taylor et al., 2003; Chen et al.,
2004). On the Tibetan Plateau, hydrothermal springs are mainly
bound to such active extensional faults (Armijo et al., 1986; Ge et al.,
2008; Tan et al., 2014). For example, more than two dozens of hot
springs and geysers are lined up along the main axis of the Yadong-
Gulu graben with several hydrothermal sites – including Chusang – in
close proximity to this graben (Han, 1981). Based on satellite image
studies of lineaments near Chusang village and extensional structures
on the travertine itself (both oriented parallel to the Yadong-Gulu gra-
ben system; Fig. 1A, B), we assume that the Chusang hot spring, that is
situated ~27 km east of the graben's main axis, is structurally
associated with the Yadong-Gulu graben system.

4. Methods

Field investigations were carried out in the summers of 2012 to
2014. Geomorphological mapping in the field was aided by analysis of
Google Earth imagery and logging of clastic sediment was based on
the lithofacies codes of Eyles et al. (1983). In the field, water tempera-
ture, pH, electrical conductivity (EC) and alkalinity of the main and
the minor springs were determined in summer 2012. Furthermore,
water samples were collected from both springs for chemical analyses.
The concentrations of the major cations in the spring water (i.e. Na+,



Fig. 3. Field images showing petrographic characteristics of the Chusang travertine. (A) Paleo-spring orifice ~250 m downslope of the modern main spring with a diameter of ~2 m
(red dotted line). Note dense laminated travertine lithofacies dominates the proximal part of travertine mound. (B) The porous layered travertine lithofacies revealing yellowish to
reddish surface staining. (C) Middle section of the southern gully (7–10 m depth, see Fig. 4; view towards north) is dominated by a travertine breccia interbedded with dense
laminated travertine (10–30 cm in thickness; arrows). Sample P4 was obtained from such a dense laminated travertine layer in this outcrop. (D) Organic-rich colluvial layer overlain
by porous travertine. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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K+, Ca2+, Mg2+, Sr2+) and Si were determined via inductively-coupled
plasma optical emission spectrometry (ICP-OES). Cl− and SO4

2− concen-
trations were measured using ion chromatography. The saturation
index with respect to calcite (SIcc) of the spring water was calculated
using PHREEQC (Parkhurst and Appelo, 2013).

This study is based on 25 travertine samples thatwere cut in half and
their macro-fabrics studied. For 20 samples with representative crystal
fabrics thin sections were obtained and the position of the most
representative samples (i.e. those that are also shown in the Figs. 5–8)
is indicated in Fig. 1D. Microscopic crystal fabrics were examined
under a Nikon Eclipse E400POL microscope using transmitted-light.
This microscope is also equipped with an OSRAM HBO mercury short
arc lamp to emit light in the UV spectrum (330–380 nm) for
epifluorescence microscopy. The mineralogy of 37 sub-samples was
determined via powder X-raydiffraction (XRD) analyses. Scanning elec-
tron microscope (SEM) analyses were performed on polished slabs,
with a JEOL JSM-6010LV, operating at 15 kV at a working distance of
21 mm. Furthermore, selected micro-fabrics were analyzed using an
electron microprobe (JEOL Superprobe 8100; analytical conditions:
15 kV acceleration voltage and 10 nA beam current) in order to
(i) determine the elemental content of these fabrics and to (ii) generate
elemental concentrationmaps for selected areas. Amicro-X-rayfluores-
cence (μXRF) spectrometer (BRUKER Tornado M4) was used to acquire
an elementmap 20× 10mm(1500×761pixels) for one of the samples.
The μXRF map has a spatial resolution of 13 μm/pixel (equals N50%
beam overlap) and a chemical resolution of ~100 ppm.
Three samples were sub-sampled for uranium-series (i.e. 230Th/U)
dating: two travertine samples (QS-T-6 and P4) and one flowstone-
like secondary calcite formed in travertine fracture (sample P6c;
Fig. 1D). 5–15 mg calcite powders were obtained from each sample
using a hand-held driller and a tungsten carbide drill bit. Chemical sep-
aration and purification of U–Th isotopes followed a modified protocols
described in Hoffmann (2008). U and Th isotope measurements
were undertaken using a ThermoFinnigan Neptune Multi-Collector
Inductively Coupled PlasmaMass Spectrometer (MC-ICP-MS) following
procedures outlined in Hoffmann et al. (2007). Activity ratios are calcu-
lated from isotope concentration ratios using decay constants according
to Jaffey et al. (1971) (λ238), Cheng et al. (2000) (λ234 and λ230) and
Holden (1990) (λ232). The 230Th/U ages and their uncertainties
(quoted at the 95% confidence level) are given in Table 1.

5. Hydrochemistry of the modern hot springs

The main hot spring has a year-round stable temperature of ~40–
43 °C (Table 1; Zhang, 1997; Tong et al., 2000) with pH values be-
tween 6.0 and 6.6 (Table 2). Major ions (100–1000 mg/L) are
HCO3

−, Ca2+, Cl− and Na+, whereas Mg2+, K+ and SO4
2− are present

at low concentrations only (b30 mg/L; Table 2). Concentrations of Li,
Cs, B and Si were determined too, but only for the main spring, and
found to be elevated (Tong et al., 2000; Table 2). The temperature
of the minor spring is 23.0 °C, and thus ~19 °C lower than that of
the main spring (Table 2). Despite this difference in water



Fig. 4. Stratigraphic profile for the travertine–colluvium succession at Chuang and position of key-samples and 230Th/U ages (compare Fig. 1D and Table 1). Note that the key-samples (n=
10, out of a total of 25 samples on which thewhole study is based on) are also shown in the Figs. 5 to 8. The stratigraphic profile has been compiled from sedimentary logs obtained along
erosional gullies that cut into the Chusang travertine (see Fig. 1D for location of gullies).

223Z. Wang et al. / Sedimentary Geology 342 (2016) 218–236
temperature, the hydrochemistry of both springs is very similar
(Table 2). The SIcc values of both springs range from 0.1 to 0.4
(Table 2) and modern carbonate precipitation is restricted to the
flow path of the hot spring water, where white carbonate crusts
occur that are only a few cm in thickness.
6. Mineralogical and elemental composition

XRD and electron microprobe analyses suggest that the dominant
mineral of the Chusang travertine is low-Mg calcite (~0.2 wt.% Mg con-
centration). Aragonite (up ~25–50%) was identified in the white pore



Fig. 5. Polished slabs (samples QS-T-6 (A) and P4 (B)), and photomicrographs of the dense laminated travertine lithofacies. (A, B) Dense laminated travertines showing lamination that is
composed of brownish–yellowish laminae (white arrows) alternating with whitish laminae (black arrows). Note the dark brownish void-filling cement (white open arrows in A) and the
reddish (i.e. weathered) laminae in the upper part of B. (C, D) The lamination in both samples QS-T-6 (C) and P4 (D) consists of thick laminae composed of dendrites (RD) that are partly or
completely recrystallized to sparite (recrystallized sparite— RSP) and alternate with thin laminae composed of dark micrite (MC). Note the sharp upper contact of theMC laminae to the
RSP (arrows inC, D) and isopachous scalenohedral sparitic pore cement (IsoPC inC). (E)Detail of dark brownish and laminatedpore cement (LPC; also indicatedwithwhite open arrows in
A). (F) Strongfluorescence in the LPC (same field of view as E), whereas the IsoPC shows little or nofluorescence. Images C–E taken in plane-polarized light; epifluorescence image F taken
under UV stimulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

224 Z. Wang et al. / Sedimentary Geology 342 (2016) 218–236
cement that occurs e.g. in sample QS-T-2A by XRD and electron micro-
probe mapping (detailed description below). Furthermore, a bulk traver-
tine sample (140 g of sample CS-T-2) was dissolved in hydrochloric acid
in order to determine the composition of its insoluble residue. XRD anal-
yses showed that the acid-insoluble residue is composed of quartz, feld-
spar and mica constituting about ~20 wt.% of the bulk sample.
7. Description and interpretation of fabrics and lithofacies

Based on sedimentary logging, the investigation of cut hand speci-
men and thin-section petrography a range of lithofacies can be recog-
nized within the Chusang travertine–colluvium succession, including
(i) a dense laminated, (ii) a porous layered and (iii) a intraclastic



Fig. 6. Hand specimen (sample CHU 17(A)), polished slab (sample QS-T-2A (B)) and photomicrographs of the porous layered travertine lithofacies. (A, B) Porous layered travertines
showing an alternation of cm-sized brown porous (bp) and yellowish dense (yd) travertine layers. Note the vadose pore cement (PC in A) composed of white fibrous crystals that
preferentially occurs in the brown porous layers and an up to 5 mm-thick layer of dense white pore cement that fills a laterally extensive pore (arrow in B). (C) Photomicrograph
showing cm-scale alternation of porous and relatively denser travertine layers in sample CHU 17. Dashed lines indicate the layer boundaries. The dense travertine layers are mainly
composed of recrystallized sparite (RSP in D), but often preserve relict dendrites (RD in E). The porous layers are characterized by abundant moldic pores, resembling phyto-molds
and often show evidence for enlargement by dissolution. Note that a few phyto-molds also occur in the dense calcite layer (C). (F) Several generations of pore cement occur in the
porous layers of sample QS-T-2A, including fibrous pore cement (FPC), laminated pore cement (LPC), and dendritic pore cements (DPC). The FPC consists of large fibrous crystals
(D). These fibrous crystals show undulose extinction. The DPC covers the fibrous and laminated pore cements and the growth direction is always oriented downward into the pore
space. All cement generations are fluorescent, with the fluorescence signal of the DPC being particularly strong (G). Images C–E taken in plane-polarized light; image F taken in cross-
polarized light; epifluorescence image G taken under UV stimulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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travertine lithofacies, as well as (iv) a debris-flow facies comprising col-
luvial and alluvial sediments. The bedding geometry and thickness
alongwith the (macro- andmicro-) fabrics, porosity and diagenetic fea-
tures that characterize these lithofacies are introduced in the following
and summarized in Table 3.

7.1. Dense laminated travertine lithofacies

The dense laminated lithofacies forms lenticular to tabular beds that
vary in thickness from 5 to 30 cm and are always inclined (~5–30°) and
mostly dipping downslope (Fig. 3A, C). This lithofacies has low porosity
(≤5 vol.%) and – on themeso-scale – is characterized bywavy but later-
ally continuous lamination that is composed of brownish–yellowish
laminae (~2–4 mm in thickness) that alternate with thin whitish lami-
nae (~0.5–1 mm in thickness; Fig. 5A, B).

Microscopically, the thick brownish–yellowish laminae are com-
posed of branching calcite crystals that are up to ~6 mm long and
grew (sub) perpendicularly to the substrate (Fig. 5C, D). These crystals
morphologically resemble the “feather dendrites” of Jones and Renaut
(1995) or the “cedar-tree crystals” of Kitano (1963) and are thus



Fig. 7. Polished slabs (sample CS-T-2 (A) and sample CS-T-3 (B)) and photomicrographs of the intraclastic travertine lithofacies. (A) Large whitish sub-round travertine intraclasts (up to
2 cm in size). (B) Small brownish sub-rounded intraclasts (~2–5 mm). (C) Detail of a well-rounded intraclast covered by a thin micrite envelope (arrow). This intraclast is composed of
recrystallized sparite (RSP), forming an equant mosaic. (D) Detail of a sub-angular intraclast that preserves relict dendrites (RD). Arrow indicates the growth direction of the dendrites.
(E) Intraclastic travertine (sample CHU 10) mainly composed of dark, well-rounded micrite intraclasts (0.5–2 mm). Note a large micritic intraclast in lower left-hand corner showing
evidence of dissolution (arrows) and containing a large bioclast (circle). (F) Phyto-molds and brownish clay coatings observed in an intraclastic travertine (sample P1). Note the pore-
filling opaque peloids composed of organic matter (om). (G) Moldic pores surrounded by sparite (circle). (H) Relict dendrites (RD) that are up to several mm in length and show
variable growth directions are interpreted as subaqueous in origin (sample CS-T-3, see also Fig. S4). Images C–F taken in plane-polarized light; image G taken in cross-polarized light;
imageH taken in cross-polarized light and darkfield illumination. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of this article.)
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referred to as dendrites. Inmany cases dendritic crystals have recrystal-
lized into coarse-grained and bladed spars arranged in a mosaic but the
original morphology of the main branches of the former dendrite crys-
tals can still be discerned (Fig. 5C, D). The thin whitish laminae are
composed of darkmicrite that is usually recrystallized intomicrosparite
(Fig. 5C, D). These microsparitic laminae overlay the dendritic laminae
with a sharp contact (Fig. 5C, D). Both, the dendritic and micritic lami-
nae lack fluorescence upon UV stimulation.



Fig. 8. Petrographic details of the laminated pore cement (LPC) in the travertine sample QS-T-2A. (A) Intergrowth of acicular crystals with laminated calcite. The lamination is composed of
translucent sparitic layers alternating with brownmicrite laminae. The acicular crystals originate from a nucleation point situated in the lower right-hand corner of the image and grew
towards the upper left-hand corner of the image forming crystal bundles. Note that the lamination tightly follows the curvature of these aragonite crystal bundles. (B) The acicular crystals
showing strong fluorescence. (C, D) Microprobe mapping reveals that the translucent sparitic layers (white rectangle in (C, D)) are composed of distinct layers of high (yellow) and low
(blue) Mg concentrations. The acicular crystals show very little Mg (dark blue) but elevated Sr concentrations (not shown). (E) The μXRF analyses confirm the presence of Sr in the LPC
(green), but also highlight that Sr is not uniformly distributed in the LPC. Images A and C taken in plain-polarized light; epifluorescence image B taken under UV stimulation; images D and
E are the microprobe and the μXRF mappings, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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7.1.1. Interpretation
Crystalline dendrites are a common abiotic fabric in travertines and

form as a result of fast calcite precipitation from highly supersaturated
water driven by rapid degassing of CO2-rich water (Jones and Renaut
1995; Jones et al., 2000, 2005; Jones and Renaut, 2008). We infer the
same mechanism as the main driving force for the formation of the
thick dendritic laminae of the dense laminated lithofacies at Chusang.
Formation of micrite is commonly associated withmicrobial mediation,
resulting in clotted, peloidal and/or shrub micrites (Chafetz and Folk,
1984; Pedley, 1992; Gandin and Capezzuoli, 2014), but abiotic micrite



Table 1
Uranium and thorium concentrations, activity ratios and correctedU–Th ages for the Chusang travertine. Corrections for detrital contamination for individual subsamples assumed a value
of 0.8 ± 0.4 for the 238U/232Th activity ratio of the detrital component (Wedepohl, 1995). Uncertainties are reported at the 95% confidence level.

Sample Fabric 238U 232Th [230Th/232Th] [232Th/238U] [230Th/238U] [234U/238U] Age (ka) [234U/238U]initial

(ng/g) (ng/g) Activity ratio Activity ratio Activity ratio Activity ratio Corrected Activity ratio

P4 Dendritic 497.59 ± 37.96 35.44 ± 2.69 9.22 ± 0.14 0.02328 ± 0.00005 0.215 ± 0.004 1.985 ± 0.007 11.4 ± 0.5 2.036 ± 0.0122
QS-T-6 Dendritic 205.78 ± 3.46 8.47 ± 0.15 80.19 ± 0.54 0.01345 ± 0.00008 1.079 ± 0.005 1.208 ± 0.003 211.6 ± 3.5 1.382 ± 0.0051
P6c Columnar 227.78 ± 2.54 12.08 ± 0.14 59.24 ± 0.27 0.01734 ± 0.00004 1.028 ± 0.005 1.029 ± 0.003 486.1 ± 55.9 1.116 ± 0.0151
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formation has been reported too (Jones and Renaut, 2008; Jones and
Renaut, 2010). The micrite laminae of the dense laminated lithofacies
lack biogenic features, both under transmitted light microscopy
(Fig. 5) and SEM (Figs. S1A–C), suggesting that these micrite laminae
might have formed via abiotic processes too. The general lack of-
fluorescence in this lithofacies indicates the absence of organic
compounds, in-line with abiotic calcite precipitation from hot spring
water. Both, dendrites andmicrite are often affected by early diagenetic
alteration, causing partial or complete transformation of dendrites into
a mosaic of sparite, while micrite often recrystallized into microsparite
(Love and Chafetz, 1988; Jones and Renaut, 2008).

In travertines the alternation of dendritic layers with thin micritic
bands commonly indicates (i) a seasonal control of travertine growth
(e.g. seasonal variation in air temperature) and/or (ii) cyclic changes
in flow velocity and flow pattern of the spring water (Jones et al.,
2005; Pentecost, 2005; Jones and Renaut, 2008). Based on observations
from Clinton travertine in British Columbia (Canada), Jones and Renaut
(2008) provide a model of the control mechanism that leads to a dense
laminated travertine lithofabric similar to that observed at Chusang. At
the Clinton travertine site thick laminae composed of dendrites formed
as long as the discharge and the calcite supersaturation are high enough
to sustain fast (dendritic) calcite precipitation (i.e. during spring and
summer). Strong cooling during winter and/or burial of the spring site
beneath ice and snow (at least in the distal parts where the water
temperature has cooled down sufficiently) reduced the amount of
degassing and decreased the level of supersaturation, thus causing the
SIcc to drop below a critical threshold impeding dendritic calcite forma-
tion (SIcc b2–5; Jones et al., 2000; Jones and Renaut, 2008). Similarly,
snow and ice or partial freezing of spring water will dampen the
turbulent nature of the water outflow and also prohibit rapid CO2

degassing and thus dendritic calcite formation (Jones and Renaut,
2008). According to Jones and Renaut (2008), thin bands of abiotic
micrite – termed growth lines – can form during these seasonal halts
of dendrite growth and mark peak winter conditions. In this model
the strong seasonality and semi-arid climate is driving the cyclic alter-
nation of dendritic and micritic laminae (in the Clinton region winter
temperatures are as low as −37 °C and summer temperatures as high
as 40 °C; Jones and Renaut, 2008). Similar cyclicity in dendrite growth
is also known from the travertine deposits at Lýsuhóll, Iceland (Jones
et al., 2005), where, low temperatures in combination with snow and
ice accumulation during winter months have been responsible for
annual pauses in dendrite growth aswell (Jones et al., 2005). The occur-
rence of growth lines in the dense laminated lithofacies at Chusang
(Fig. 5C, D) and the overall similarities to the lithofacies described by
Jones et al. (2005) and Jones and Renaut (2008) suggest that this
model might also be applicable in a Tibetan context, where winters
Table 2
Chemical compositions of the Chusang hot springs. The data of 1975 and 1989 are from Zhang

Discharge
(L/s)

T
(°C) pH

EC
(μS/cm)

Na
(mg/L)

K
(mg/L)

Ca
(mg/L)

Mg
(mg

Main spring (1975) 1 43.0 6.40 843 135.0 18.8 110.0 21.1
Main spring (1989) 0.1 42.2 6.00 927 162.0 28.5 140.0 21.5
Main spring (2012) 0.1–0.3 40.0 6.55 1606 142.3 22.4 196.2 21.5
Minor spring (2012) 0.1–0.3 23.0 6.58 1508 138.4 21.6 169.2 23.2
are known to be particularly cold and dry and summers comparatively
mild and wet (winter temperatures at Chusang can attain −20 °C and
summer temperatures 25 °C; based on data of the Public Weather
Service Center of China).

7.2. Porous layered travertine lithofacies

High porosity (~20–40%) and cm-scale layering characterize this
lithofacies on themeso-scale. The layering is composed of brownporous
calcite layers that are ~1–2 cm thick and that alternate with yellowish
relatively denser calcite layers that are ~0.5–1 cm thick (Fig. 6A, B).
On the outcrop-scale this lithofacies reveals sub-horizontal tabular bed-
ding with undulated contacts and individual beds that are 10–40 cm in
thickness (Fig. 3B). The porous layered travertine lithofacies prevails in
the stratigraphically upper section of the Chusang travertine–colluvium
succession (0–8 m depth in Fig. 4).

Two main types of microscopic crystal fabrics are present in this
lithofacies: (1) recrystallized sparite (RSP; Fig. 6D) and (2) dendrites
that are recrystallized and preserved as relicts only (relict dendrites —
RD; Fig. 6E). The recrystallized sparite is composed of transparent,
equant crystals forming mosaics. Such mosaics are common in both,
the yellowish dense and the brown porous travertine layers (Fig. 6C;
Figs. S2, S3). Dark micrite fills most intercrystalline pores (Fig. 6D).
Neither the sparites nor the micrite shows fluorescence upon UV stimu-
lation. The relict dendrites are confined to the yellowish dense layers
and are (i) either recrystallized into a sparite-like mosaic but with
the main branches and the first-order sub-branches still preserved
(Fig. 6E); or (ii) strongly recrystallized and only themain branches of for-
mer dendrites are discernable (Fig. 6D; Figs. S2, S3). Originally, none of
these dendrites has been longer than ~1–2 mm, and most dendrites
were even much smaller (~200–500 μm). The relict dendrites are
sometimes reddish to brownish stained (e.g. Fig. 6E), but lack
fluorescence.

Pores arewidespread in the porous layered travertine lithofacies and
are mostly 1–10 mm in size. Most pores have irregular shapes, but reg-
ular pores that morphologically resemble phyto-molds and fenestral
pores can be observed too and are particularly common in the brown
porous layers (Fig. 6C; Fig. S2). Furthermore, evidence of enlargement
of these existing pores due to dissolution exists, often blurring the
origin of these pores (Fig. 6C; Fig. S2).

7.2.1. Interpretation
We invoke abiotic and fast calcite precipitation for the relict den-

drites encountered in the yellowish dense layers (Jones et al., 2005;
Jones and Renaut, 2008), i.e. the same process as for the dendrites of
the dense laminated lithofacies. However, the relict dendrites of the
(1997) and Tong et al. (2000).

/L)
Sr
(mg/L)

Li
(mg/L)

Cs
(mg/L)

Cl−

(mg/L)
SO4

2−

(mg/L)
HCO3

−

(mg/L)
Si
(mg/L)

B
(mg/L) SIcc

– 1.3 0.8 126.0 21.5 620.0 20.5 13.0 −0.09
– 1.4 2.1 120.0 2.14 635.0 30.8 12.5 −0.40
1.7 – – 148.2 4.0 902.8 16.4 – 0.38
1.7 – – 130.7 6.2 866.2 16.4 – 0.13



Table 3
Description and interpretation of different lithofacies recognized in the Chusang travertine–colluvium succession.

Lithofacies Bedding
geometry
and thickness

Fabrics Porosity Diagenetic features Interpretation of fabrics Depositional environment
and distribution of
lithofacies

Dense
laminated
travertine

Lenticular to
tabular with
sub-parallel
contacts;
5–30 cm

Dendrites: 1.5–6 mm long,
occasionally forming
fan-shaped aggregates;
micrite: precipitated as thin
laminae on top of dendrites
partly infilling
intercrystalline pores;
lamination: 2–4 mm thick
dendritic laminae alternate
with 0.5–1 mm thin micritic
laminae;
micritic laminae overlay
dendritic laminae with a
sharp contact;
UVa: no fluorescence

≤5 vol.%;
intercrystalline
pores
(0.005–0.5 mm);
framework pores
(1–2 mm);
elongated pores
parallel to
lamination
(≤1 mm thick)

Recrystallized sparite
(RSP): coarse-grained
and bladed spars
arranged in a mosaic;
pore cements: isopachous
(IsoPC), laminated (LPC)
UV: medium to strong
fluorescence for LPC

Dendrites: deposited by highly
supersaturated hydrothermal water
via rapid CO2 degassing (i.e. fast abiotic
calcite precipitation; Jones et al. 2005);
lamination: caused by cyclic (likely
seasonal) changes in climate and/or
spring discharge rate, micrite laminae
interpreted as winter layers (Jones
and Renaut, 2008);
recrystallized sparite: sparite-like
mosaic via aggradational
neomorphism (Love and Chafetz,
1988);
pore cements: preferential in
lower part of the succession
(12–22 m depthb); precipitated
under vadose (LPC) and phreatic
(IsoPC) conditions in laterally
extensive pores formed by
dissolution (Pentecost, 2005);

Smooth slopes, relative
proximity to travertine
mounds and cones;
lithofacies prevails in lower
part of the succession
(12–22 m depthb);
interbedded with porous
layered and intraclastic
travertine

Porous
layered
travertine

Tabular with
undulating
contacts;
10–40 cm

Relict dendrites (RD):
~200–500 μm long, prevailing
in the dense layers, partly
stained;
micrite filling intercrystalline
pores;
layering: ~1 to 2 cm thick
very porous layers (micritic
and/or recrystallized)
alternate with ~0.5–1 cm thin
relatively denser (dendritic)
layers;
UV: no fluorescence

20–40%;
intercrystalline
pores
(0.005–0.05mm)
moldic pores
(2–10 mm);
fenestral pores
(0.5–2 mm);

Recrystallized sparite
(RSP): coarse-grained
and bladed spars
arranged in a mosaic
enlarged pores due to
dissolution;
pore cements: fibrous
(FPC), laminated (LPC)
and dendritic (DPC)
UV: strong fluorescence
for FPC, LPC and DPC

Relict dendrites: deposited by
supersaturated hydrothermal water via
CO2 degassing (i.e. slow abiotic calcite
precipitation; Jones et al., 2005);
recrystallized sparite: sparite-like
mosaic via aggradational
neomorphism (Love and Chafetz,
1988);
moldic and fenestral pores: dominate
in the porous layer, probably result
from the decay of e.g. encrusted
macrophytes and algal mats
(Heimann and Sass, 1989; Pentecost,
2005);
porous layers: indicate high
biological productivity thus
interpreted as summer layers
pore cements: mainly precipitated via
(re)infiltration of hot spring water
and mixing with rain water, vadose
conditions (Pentecost, 2005);

Low relief topography;
lithofacies prevails in the
upper part of the
succession (0–8 m depthb)
e.g. in shallow depressions
and ponds behind
mounds;
interbedded with dense
and intraclastic
travertine

Intraclastic
travertine

Lenticular to
tabular with
sub-parallel
contacts;
10–50 cm

Intraclasts 0.3–20 mm in
diameter, sub-angular to
well-rounded, composed of
recrystallized sparite (RSP),
relict dendrites (RD) or micrite
and microsparite; thinmicrite
envelopes surround intraclasts;
other allochthones: opaque
peloids (0.1–0.4 mm), detrital
grains (e.g. quartz, feldspar)
travertine breccias: cm to dm,
angular clasts
UV: no fluorescence,
exception: some micritic
intraclasts with medium to
strong fluorescence

10–20%;
intercrystalline
pores (0.005–
0.05 mm);
moldic and
fenestral pores
(0.5–2 mm);

Recrystallized sparite
(RSP): coarse-grained
and bladed spars
arranged in a mosaic;
enlarged pores due to
dissolution;
pore cements: laminated
(LPC), dendritic (DPC);
UV: medium to strong
fluorescence for LPC and
DPC

Intraclasts derived from erosion of
pre-existing lithified travertine
mainly via frost weathering (Sanders
et al., 2010);
allochthones: input of terrigenous
(e.g. quartz, feldspar) and organic
matter (organic peloids) e.g. via soil
erosion and slope wash processes
recrystallized sparite: sparite-like
mosaic via aggradational
neomorphism (Love and Chafetz,
1988);
pore cements mainly precipitated via
(re)infiltration of hot spring water
and mixing with rain water, vadose
conditions (Pentecost, 2005);

Distal gentle slopes and
depressions/ponds,
distal parts of travertine
mounds;
lithofacies prevails in
upper part of the
succession (0–8mdepthb);
interbedded with dense
and porous layered
travertine

Debris flow Massive layers,
no bedding;
irregular
contacts;
50–300 cm

Matrix-supported diamict;
(sub-)angular clasts
(≤20 cm);
silty matrix with shear
planes;
microscopic organic material

n.a. n.a. Cohesive debris flows caused by soil
erosion, slope wash and/or
periglacial slope processes (Blikra
and Nemec, 1998; Nemec and
Kazanci, 1999; French, 2007)

Proximal to hillslopes,
thinning distally;
interbedded with
travertine (at least 7
colluvial layersb)

a UV: stimulation with UV light (330–380 nm; i.e. epifluorescence microscopy).
b Compare Fig. 4.
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porous layered lithofacies are smaller by an order of magnitude com-
pared to dendrites from the dense laminated lithofacies, suggesting
that abiotic calcite precipitation was slower in the porous lithofacies.
The lack of fluorescence in the relict dendrites indicates an absence of
organic compounds in their crystal lattice, which is in agreement with
an abiotic origin of this fabric. Recrystallization (aggradational
neomorphism) allowed a sparitic mosaic to form that still resembles
the dendritic fabric (Love and Chafetz, 1988; Jones and Renaut, 2008).
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Compared to the yellowish dense layers the brown porous layers
suffered from a higher degree of diagenetic overprinting (recrystalliza-
tion, dissolution enlargement of pores and precipitation of pore ce-
ments). Hence, the formation of these layers is more difficult to
decipher, but a biological origin is likely, as outlined in the following.
Chafetz and Folk (1984) and Chafetz and Guidry (1999) stated that bi-
ological influence becomes significant on travertine precipitation in
gradually more distal or lower energy environments. In such distal set-
tings organisms, such as bacteria (particularly cyanobacteria), algae,
mosses and reeds can induce and/or influence carbonate precipitation
through (i) metabolic process, such as photosynthetic CO2 removal
which increases carbonate saturation and/or (ii) the role played by
biofilms and mats as substrates for crystal nucleation (Pentecost,
1995; Fouke et al., 2000; Dupraz et al., 2009; Rainey and Jones, 2009;
Fouke, 2011; Della Porta, 2015). Neither transmitted-light microscopy
nor SEM analysis on recrystallized sparites of the porous layered traver-
tine lithofacies provides additional clues regarding the importance of
biological influence on travertine precipitation. SEM images from the
porous layered lithofacies rather confirm that early diagenetic modifi-
cations are pervasive and blur the origin of these fabrics (Figs. S1D–I).

We are thus left with the observations that (i) moldic pores in
travertines as those observed in the porous layered lithofacies are
often interpreted as phyto-molds, i.e. biotic structures that resulted
from encrustation and subsequent decay of biological material (e.g.
leaves, twigs, weeds, mosses and algae; Heimann and Sass, 1989;
Pentecost, 2005); and (ii) fenestral pores are usually caused by the in-
clusion of gas bubbles but can also be associated with algal mats
(Pentecost, 2005).

The relatively large size and high concentration of moldic and
fenestral pores in the porous brown travertine layers (Fig. 6C; Fig. S2)
suggest that these layers might be associated with enhanced biological
activity during the summer months (Heimann and Sass, 1989;
Pentecost, 2005; Rainey and Jones, 2009). We envisage that biological
material such as algae and other (water) plants acted as nucleation
points and/or removed CO2 via photosynthesis from the water column
thus facilitating calcite precipitation, but decayed thereafter, which is
in-line with the general lack of fluorescence in the recrystallized sparite
that forms the brownish calcite layers. This interpretation is sensible,
because during Tibetan summers enhanced monsoon precipitation
and higher temperatures stimulate biological activity. Furthermore,
mixing of rain and spring water occurs during the summer months as
well, thus diluting and cooling hydrothermal water, which in turn fa-
vors the growth of biota (Guo and Riding, 1998). We further suggest
that the dense yellowish layers that are dominated by relict dendrites
represent abiotic travertine precipitation outside the monsoon season
(i.e. from October to May). From autumn onward decreasing tempera-
ture and increasing dryness slow down or even prohibit mixing of
hydrothermal water with rainwater, which in turn slows down and
eventually stops organism growth, allowing small abiotic dendrites to
form. This process should be particularly important in low-relief areas
where ponding of hydrothermal and rain water occurs (Guo and
Riding, 1998).

7.3. Intraclastic travertine lithofacies

This lithofacies forms lenticular to tabular bedswith undulating con-
tacts and thicknesses between 10 and 40 cm (Fig. 3C). Travertines from
this lithofacies contain abundant sand- to gravel-sized (up to 20mm in
diameter) intraclasts derived from erosion of pre-existing travertine
(Guo and Riding, 1998; Rainey and Jones, 2009; Gandin and
Capezzuoli, 2014). These intraclasts are whitish and sometimes brown-
ish in color and most intraclasts are sub-rounded to well-rounded, but
sub-angular intraclasts occur as well (e.g. Fig. 7A, B). Also belonging to
this lithofacies type are travertine breccia layers (~30–50 cm thick)
that are composed of centimeter to decimeter-sized angular travertine
clasts (Fig. 3C). These layers are clast-supported and some are blackish
in color suggestive of a high organic content and/or the presence of ox-
idized manganese.

On the microscopic scale, the travertine intraclasts are mainly com-
posed of recrystallized sparites (Fig. 7C), but some intraclasts preserve
recrystallized dendrites too (Fig. 7D). Most of these intraclasts are
surrounded by a thin, irregular dark micrite envelope (Fig. 7C, D). In
some samples intraclasts are composed of dark brown micrite and/or
microsparite (e.g. Fig. 7E). Some of these intraclasts even show a
complex internal structure, i.e. consist of multiple calcite clasts, contain
calcified bioclasts, show several generations of micrite envelope and/or
evidence for dissolution. Only some micritic intraclast as well as the
calcified bioclasts show medium to strong fluorescence.

Moldic and fenestral pores with diameters of 0.5–2 mm are present
in the intraclastic travertine lithofacies (Fig. 7F, G; Fig. S4). Furthermore,
corroded dendrites arranged in a relatively loose network and showing
variable growth directions are sometimes preserved and sealed by
layers of intraclastic travertine (e.g. sample CS-T-3; Fig. 7H; Fig. S4). In
addition, small opaque peloids (50–150 μm in diameter) are present
in some samples (e.g. Fig. 7F). These peloids either fill pore spaces or
are dispersed in a sparitic carbonate matrix or between micrite clasts
and show little fluorescence. Furthermore, pores (including phyto-
molds) are often coated with finely laminated brownish sediment, sug-
gestive of clay coatings (Fig. 7F). Quartz and feldspar grains as well as
clay pebbles are present in this lithofacies too, but are not abundant.

7.3.1. Interpretation
Several studies have shown that intraclasts in travertines are derived

from erosion of lithified travertine deposited in the upstream area and
deposition in depressions or ponds (Guo and Riding, 1998; Rainey and
Jones, 2009; Gandin and Capezzuoli, 2014). Erosion of spring carbonates
typically occurs in slope or waterfall settings during high discharge
events (Guo and Riding, 1998), but in a cold and periglacial setting
such as Chusang frost weathering might also significantly contribute
to travertine erosion and thus intraclast formation (cf. Sanders et al.,
2010).

The sorting of the intraclasts is generally poor in all samples and in
combination with the pre-dominant sub-rounded grain morphology
this suggests short transport distances. Furthermore, intraclasts with a
complex internal structure (dissolution features, several generations
of micrite envelopes, composed of multiple intraclasts, contain calcified
bioclasts) point towards a complex sedimentation historywithmultiple
cycles of erosion and deposition including dissolution and cementation,
at least for some intraclasts. The opaque peloids are most likely organic
matter (and possibly contain also manganese oxides; Stoops, 2003;
Rennert et al., 2014) that (i) entered the sediment cascade and were
transported and deposited as peloids, or (ii) were washed into the
intraclastic travertine at a later stage and filled the pores. Finally, clay in-
filtrated into these travertine beds, forming laminated pore coatings
that also drape opaque peloids.

All these micro- and macroscopic observations suggest that the
intraclastic travertine lithofacies indicates gentle slopes or distal depres-
sions and/or ponds, where clastic sediment accumulation dominated.
The intraclastic lithofacies thus broadly resembles the lithoclastic
travertine facies of Guo and Riding (1998). This interpretation is in-
line with the observation of corroded dendrites that are arranged in a
relatively loose network with variable growth directions and that are
overlain by several layers of intraclastic travertine. We interpreted
these dendrites as subaqueous in origin, i.e. the expression of a local
pond (Fig. 7H; Fig. S4) into which intraclastic travertine was deposited.

7.4. Debris flow facies

The sedimentary logs in Fig. 4 show that colluvial sediment consti-
tutes a significant proportion of the Chusang deposit (~9.5 m or ~40%
of the log in Fig. 4). Most of these clastic layers are matrix-supported
diamicts, with angular to sub-angular clasts typically up to 20 cm in
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size embedded in a silt matrix that locally reveals shear planes (Dms;
Fig. 4). Some colluvial layers contain abundant (mostly microscopic)
organic material (Fig. 3D) and cementation of clastic sediment by
carbonate can also be observed (Figs. 3C, 4). One of the thickest colluvial
layers (8.4–12 m depth, Fig. 4) reveals an internal sedimentary zona-
tion: grayish sediment that tends to be slightly carbonate-cemented
overlays – with an irregular contact – loose brownish slope-wash
sediment (Fig. 2B).

7.4.1. Interpretation
The matrix-supported diamicts containing angular to sub-angular

clasts as well as the presence of shear planes suggest that these clastic
sediments are cohesive debris flows sourced from the adjacent
hillslopes (Blikra and Nemec, 1998; Nemec and Kazanci, 1999). Croci
et al. (2016) described colluvial fan deposits interbedded with traver-
tine and concluded that the colluvial fan deposits resulted from debris
flows triggered by occasional rainstorms. Significant mass-wasting
processes can be expected in a periglacial setting like Chusang, with a
catchment reaching in elevation from ~4200–4900 m asl., slopes that
are 20°–30° steep and characterized by a sparse vegetation cover and
subjected to intensive freeze–thaw weathering (French, 2007). We
thus infer that the colluvium interbedded into the travertine is ultimate-
ly linked to slope wash and/or periglacial slope processes on the
adjacent slopes.

7.5. Pore cements

In the dense laminated travertine lithofacies intercrystalline pores
and framework pores occur (Fig. 5D), butmost of these pores are healed
due to widespread recrystallization. In this lithofacies prominent ce-
ments only occur in lower stratigraphic positions (i.e. 12–22 m depth;
Fig. 4), where they are bound to ~1 mm-thick pores that are up to
several centimeters long and extend parallel to the lamination
(Fig. 5A). In hand specimens these cements are brown in color
(Fig. 5A). Microscopically they are either isopachous (IsoPC; isopachous
fibrous or scalenohedral sparitic with thicknesses of 100–300 μm;
Fig. 5C) or laminated (LPC, composed of alternatingmicritic and sparitic
laminae, each ~20 μm in thickness; Fig. 5E). Only the laminated pore
cement shows bright fluorescence upon UV stimulation (Fig. 5F).

In the porous layered travertine lithofacies cements are more wide-
spread (particularly in the brown porous layers) and often contain
white dense calcite cements that – on themacroscopic scale – are either
forming micro-stalactitic crystals that grew downward into the pores
(Fig. 6A) or are finely laminated (Fig. 6B). On the microscopic scale at
least three types of pore cements are recognized: fibrous, laminated
and dendritic. The same three types of pore cements also occur in the
intraclastic travertine lithofacies.

The fibrous pore cement (FPC) is composed of large fibrous crystals.
These crystals are 0.5–1 mm in length, grew downward into the pore
space and reveal an irregular outline (Fig. 6F, G; Fig. S3). The FPC shows
undulose extinction under crossed nicols andweak fluorescence (Fig. 6F).

The dendritic pore cement (DPC) is dark brownish under
transmitted-light and reveals strong fluorescence upon UV stimula-
tion (Fig. 6F, G; Fig. S3). This cement generation either forms a thin
(~0.1–0.5 mm) veneer covering pre-existing calcite fabrics (e.g. sec-
ondary fibrous crystals) or fills pores (Fig. 6F; Fig. S3). The dendritic
crystals always grew downward into the pores.

The laminated pore cement (LPC) can attain a thickness of several
mm (Figs. 6B, 8E; Fig. S3) and is composed of translucent sparitic
laminae (~15–40 μm in thickness) interbedded with thin, brown
micrite laminae (~5–20 μm; Fig. 8A). The brown micritic laminae
show strong fluorescence, while the sparitic laminae are non-
fluorescent (Fig. 8B). This laminated fabric is cross-cut by acicular
crystals that are arranged in radiating bundles resembling aragonite
(Fig. 8A). In transmitted-light and epifluorescence it can also be
observed, that (i) these acicular crystal bundles start radiating from a
nucleation point, (ii) the lamination follows the curvature of these bun-
dles, and that (iii) areas composed of laminated fabric only exist as well
(Fig. 8A, B). Element mapping reveals that the translucent calcite layers
are composed of alternating high and lowMgmicro-bands, while the Sr
concentration is generally low (Fig. 8C, D). The acicular crystals, in con-
trast, reveal very lowMg but elevated Sr concentrations (e.g. Fig. 8C, D).
The μXRF analysis shows that elevated Sr concentrations (indicative of
aragonite) are not uniformly distributed in this pore cement and that
the white pore cement is partly Sr-poor (Fig. 8E). Samples for XRD
drilled from such areas of laminated pore cement also showed no
aragonite.

7.5.1. Interpretation
Pore cement in travertines can be directly precipitated by infiltrating

springwater, while direct rain and soil-percolation water will preferen-
tially cause surface dissolution and re-precipitation (i.e. karstification;
Pentecost, 2005). In many instances mixing of hydrothermal and rain
water will occur thus reducing the degree of supersaturation and in
combination with the geometry of the pore space determine the type
of pore cement. If hot spring water highly supersaturated with respect
to calcite percolates the travertine, cement precipitation in the form of
dendritic fabrics might be expected.

In the dense laminated travertine lithofacies pore cements occur in
laterally extensive pore spaces usually confined to the micrite layers.
These pores are probably caused by dissolution or fracturing of the lam-
inated travertine, with the micrite layers being a preferential fracture
plane or horizon of dissolution. The pores were subsequently filled by
isopachous pore cement precipitated under phreatic conditions follow-
ed by laminated pore cement that formed under vadose conditions
(Fig. 5C, E). The bright fluorescence of the laminated pore cement sug-
gests that this cement is precipitated from percolation water that also
carried humic and fulvic acids (McGarry and Baker, 2000).

In several large pores of the porous layered lithofacies a sequence of
at least three cement generations separated by dissolution events can
be observed: The oldest cement in the porous layered travertine
lithofacies is the fibrous cement that grew from the top of the pores
downward and shows clear signs of corrosion (Fig. 6F; Fig. S3).
Subsequently, the laminated cement formed, which was affected by
corrosion as well (Figs. 6F, 8A, B; Fig. S3). Finally a dendritic cement
generation is locally present that covers the fibrous and laminated
cements (Fig. 6F; Fig. S3). Particularly bright fluorescence is associated
with this youngest cement generation, suggesting that hot spring
water containing dissolved humic and fulvic acids infiltrated into the
porous travertine deposit during a relatively late diagenetic stage.
Continuing hydrothermal activity linked to spatio-temporal variability
of hot water flow paths during travertine accretion is a reasonable ex-
planation for repeated infiltration of hydrothermal water into the trav-
ertine deposit causing precipitation of dendritic pore cement.

An interesting detail of the LPC is that it shows an intergrowth of
laminated calcite with acicular crystals. The morphology of these
acicular crystals as well as the very low Mg but elevated Sr concentra-
tions measured in these crystals suggest that these needles are com-
posed of aragonite (Fig. 8C, D; Pentecost, 2005). XRD analysis
conducted on sub-samples taken from this intergrown fabric confirmed
the presence of aragonite. XRD analysis from areas that lack such an in-
tergrowth (i.e. are laminated and Sr poor based on μXRF mapping)
yielded calcite but no aragonite. This suggests that in the LPC calcite–
aragonite intergrowths and laminated calcite that lacks such inter-
growths are co-existing, which is supported by transmitted-light and
epifluorescence microscopy (Fig. 8A, B). Furthermore, the fact that the
lamination follows the curvature of the aragonite crystal bundles im-
plies that calcite laminae precipitated essentially synchronously with
the formation of aragonite crystal bundles (Fig. 8A, B). In sum these ob-
servations point towards a co-precipitation of aragonite and calcite
rather than diagenetic replacement of aragonite by calcite (Guo and
Riding, 1992; Folk, 1994; Frisia and Borsato, 2010; see the



232 Z. Wang et al. / Sedimentary Geology 342 (2016) 218–236
supplementary material for a discussion of the specific geochemical
boundary conditions).

8. Discussion

8.1. Depositional concept and facies model

We synthesize our geomorphological, sedimentological and petro-
graphical observations into a depositional concept and facies model,
graphically represented in Fig. 9.

At 4235 m asl. and 250 m downslope of the modern hot spring a
complex of travertine mounds developed on top of a thick colluvial
layer that provided a ~10° dipping paleo-surface on which the
travertine precipitated (Fig. 2B). These mounds are composed of
dense laminated travertine (Fig. 3A), and the overall geometry of
these mounds is asymmetric (Fig. 9A, B): at the downslope side the
travertine dips initially at ~30°, but after a few meters flattens out and
gradually attains the local hillslope angle of ~10° (Fig. 2B). The down-
slope extent of travertine sourced from these orifices can exceed
100 m. Because these mounds form on an inclined surface, accretion
against the upper slope is limited by mound height (Figs. 3A, 9B). At
Chusang these travertine mounds and slopes are dominated by dense
laminated travertine and fit the smooth slope facies of Guo and Riding
(1998), where dense crystalline crusts composed of dendritic calcite
crystals reflect rapid precipitation under high flow rates.

The distal parts of the travertine mounds are dominated by porous
travertine of the intraclastic travertine lithofacies and travertine breccia.
Dense laminated travertine layers can be intercalated with the
intraclastic travertine facies (Fig. 3C). In our depositional model
(Fig. 9B) the intraclastic travertine lithofacies results from travertine
mound collapse and/or break-up of adjacent travertine slope deposits,
while the spring orifices are still active (indicated by the intercalation
of dense laminated travertine), resulting in cementation and mixing of
intraclastic travertine with in-situ precipitates. This interpretation is in
line with sedimentological observations from several other tufas and
travertine sites, where erosion and brecciation of travertine slopes and
cones caused accumulation of lithoclast travertine at distal slopes and
local depressions (Guo and Riding, 1998; Pellicer et al., 2014; Pola
et al., 2014). Furthermore, pre-existing colluviummight become partly
cemented while travertine mounds are prograding downslope and
mixing of intraclastic travertine with colluvium can also occur
(Figs. 2B, 3C).

While travertine mounds aggradate and eventually combine into
larger complexes, flats and local depressions form on top of mounds
and behind mound complexes. In our model the growth of travertine
mounds on an evenly inclined hillslope mantled with colluvium will
thus result in an undulating terrain with areas of low topography that
favor ponding. The gentle topography also facilitates the development
of the porous layered travertine lithofacies observed at Chusang
(Fig. 9A, B) via the following processes: (i) reduced flow velocity of
hot spring water that results in precipitation of thin calcite layers com-
posed of small dendrite crystals (i.e. yellow dense layers; Fig. 6A, C; Fig.
S2), and (ii) dilution of hot spring water by rain water that increases
organic growth (e.g. algae, mosses, and grasses) and allows
encrustation and biologically influenced travertine precipitation
(formation of porous brown layers with moldic and fenestral pores,
Fig. 6A, C; Fig. S2). As outlined above, we expect rain water availability
and biological productivity, and thus the succession of yellow dense
and brown porous calcite layers at Chusang to be mainly controlled by
seasonality. According to our depositional model this lithofacies
should thus be particularly common in shallow depressions or on
Fig. 9. Depositional concept and facies distribution model of the Chusang travertine. (A) Plan
progradation and are influenced by contemporaneous debris-flow activity. (B) Schematic cro
and the distribution of the travertine facies. (C) Petrographic facies model. For both, the dense
by seasonality (for details see text).
gentle slopes where the flow of hot spring water is low and seasonally
modulated by rainfall (Fig. 9B) and is broadly comparable to the
marsh-pool facies of Guo and Riding (1998). Furthermore, if local
growth geometries allow ponds to form that are entirely feed by hydro-
thermal water with no or only little input of rain or soil-percolation
water (at least temporarily), sub-aqueous dendrites develop (Fig. 7H;
Fig. S4). Clastic sediment input into these depressions is also common
and thus porous layered travertine or subaqueous dendrites are
frequently interbedded with colluvium and intraclastic travertine
sourced from adjacent hillslopes or travertine mounds (Fig. 9B; Fig.
S4). Periodically drying of these shallow depressions and gentle slopes
results in weathering and staining (sample QS-T-2A, Fig. S3; sample
CS-T-3, Fig. S4; Guo and Riding, 1998).

Fig. 9C depicts a facies succession based on our petrographic
observations and the facies distribution model outlined above. In this
schematic diagram deposition of dense travertine on a slope or traver-
tine mound grades into porous layered travertine (due to the changing
relief while the travertine slope propagates and the mound flattens),
followed by the precipitation of subaqueous dendrites (development
of local ponds fed by hot spring water behind a growing mound com-
plex) and accumulation of intraclastic travertine (from anadjacent trav-
ertinemound and/or hillslope; Fig. 9C). Finally, percolating rain and hot
spring waters induce diagenetic alterations, including recrystallization
of dendritic fabrics and dissolution of pre-existing travertine and pre-
cipitation of pore cements (Fig. 9C). The latter process is particularly
common in the porous layered travertine lithofacies. The last generation
of pore cements of the porous travertine lithofacies is composed of small
dendrites, indicating that hot spring water was still flowing from the
travertine mounds and (repeatedly?) infiltrated this lithofacies. This
observation suggests that travertine formation and early diagenetic
alteration (i.e. cementation) can be broadly contemporaneous.

8.2. Age constraints and sedimentary evolution

Several aspects of the Chusang travertine render 230Th/U dating
problematic: (i) the widespread recrystallization of primary fabrics
likely resulted in open-system behavior and thus gain or loss of radio-
nuclides; (ii) recrystallization might have caused mixing and
intermingling of different crystal fabrics of different isotopic composi-
tion; and (iii) many calcite samples likely contain unsupported 230Th
(i.e. detrital contamination). Given these challenges a precise 230Th/U
chronology will probably not be achievable for the porous layered and
clastic travertine lithofacies, where porosity and detrital contamination
are high and recrystallization is ubiquitous. Nevertheless, it is expected
that careful subsampling of primary fabrics, such as well-preserved
dendrites from the dense laminated lithofacies, will yield reliable
230Th/U dates. In order to obtain a first chronological framework for
the colluvium–travertine succession at Chusang we obtained two sam-
ples showing well-preserved dendrites from the dense laminated
lithofacies from ~7.6 m and ~12.2 m depth (sample P4 and QS-T-6, re-
spectively; Figs. 1D, 4) and one flowstone-like secondary calcite from
~21 m depth that formed in a travertine crack (sample P6c; Figs. 1D,
4). The results are given in Table 1 and suggest that the base of the trav-
ertine–colluvium succession has a minimum age that dates into the
Middle Pleistocene, while the sample from 7.6 m depth yielded an
Early Holocene age.

These (preliminary) ages in combination with our facies model
provide insights into the sedimentary evolution of the travertine–
colluvium succession at Chusang. Travertine spring orifices are known
to shift temporally and spatially because travertine cones and mounds
frequently self-seal due to the rapid deposition of travertine at the
view of travertine mounds that merge into mound complexes via lateral and downslope
ss section along section A–A′ showing the development of travertine mound complexes
laminated and the porous layered lithofacies travertine precipitation is likely controlled
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surface or within the throat of hydrothermal spring vents (Pentecost,
2005; Capezzuoli et al., 2014). Today, the main active hot spring at
Chusang emerges at 4270m asl. on top of the travertine–colluvium suc-
cession (Figs. 1, 2). The early Holocene travertine sample P4 from 7.6 m
depth precipitated from a paleo-spring orifice at ~4212 m asl. that
merged with several other travertine mounds and cones that were ac-
tive at the same time into a laterally extensive travertine sheet
(Fig. 2A, B). Older orifices existed further downslope but are morpho-
logically not well preserved; i.e. they must have been situated at
~4113 m asl. ca. 211 ka ago (sample QS-T-6; Fig. 2C) and at ~4074 m
asl. ca. ≥486 ka ago (sample P6c; at the level of the modern Chusang
river). These data suggest a lateral shift of the hot spring vent system
by ~1 km into southeastern direction over the course of the last ca.
500 ka (Fig. 1).

A characteristic feature of the Chusang travertine is the interbedding
of travertine and colluvium and this interbedding becomes more com-
mon in the stratigraphic upper part of the studied succession (Fig. 4).
We attribute this general increase of terrigenous sediment input – at
least partly – to the fact that the shift of the hot spring vent system to-
wards southeast was also accompanied by (i) vertical aggradation of
the travertine deposit and (ii) an increase in the proximity of the hot
spring mounds and cones to the nearby hillslopes, which in turn
facilitated hillslope processes to interact with hydrothermal carbonate
precipitation. The bulk of the colluvium was deposited by cohesive de-
bris flows which sometimes contain organic matter that originates
from entrained soil and vegetation of the adjacent hillslopes (Fig. 3D).
Because the travertine sheets (particularly the dense laminated
lithofacies) are relatively resistant to erosion these sheets also protect
the underlying colluvial sediment and thus preserve old terrigenous
strata that can contain a biological signal from the former hillslopes.

8.3. Paleoclimatic controls

Over centennial to orbital timescales hydrothermal activity and thus
travertine deposition is chiefly affected by (i) tectonics allowing hot
spring vent systems to open or close and thus influencing deep ground-
water circulation (Hancock et al., 1999; Brogi and Capezzuoli, 2009;
Brogi et al., 2016) aswell as (ii) climatewhich is a fundamental control-
ling factor on the hydrology and thus on groundwater recharge
(Pentecost, 2005; Viles and Pentecost, 2007). In many instances the de-
velopment of hydrothermal systems and travertine deposits have been
linked to humid climatic phases (Faccenna et al., 2008; De Filippis et al.,
2013; Croci et al., 2016). For the Tibetan Plateau it is well established
that the Indian summermonsoon (ISM) delivers the bulk of atmospher-
ic precipitation (Tian et al., 2001) and that the intensity of the ISM fluc-
tuated over millennial to orbital timescales in response to insolation
changes (Cai et al., 2010, 2015; Zhu et al., 2015; Kathayat et al., 2016).
Isotopic studies from Tibet further suggest that (i) hydrothermal spring
water is mainly recharged via atmospheric precipitation and that
(ii) groundwater circulation on the plateau is rapid and thus residence
times for hydrothermal water are short (i.e. a few decades; Tan et al.,
2014). For the Tibetan Plateau it would thus be reasonable to expect
phases of strong ISM and travertine precipitation to be synchronous,
albeit the role of tectonics (e.g. earthquake recurrence cycles) has to
be considered too (Brogi and Capezzuoli, 2014; Brogi et al., 2014;
Gradziński et al., 2014).

Climate is also widely recognized as a principal control on colluvial
sedimentation, and especially humid climatic conditions (e.g. heavy
rainfall) are often triggering debris-flows (Blikra and Nemec, 1998;
Nemec and Kazanci, 1999). However, in high-altitude areas an increase
in air temperature might induce permafrost degradation and enhance
snow-melt runoff and thus also stimulate debris-flow activity (Damm
and Felderer, 2013). For Tibet it can be suspected that intensive bedrock
weathering of the hillslopes under periglacial conditions (e.g. freeze–
thaw cycles) results in a thick slope cover (French, 2007),which in com-
bination with a sparse vegetation cover makes these hillslopes prone to
mass-wasting processes. We argue that this preconditioning of the
hillslopes in conjunction with an enhanced ISM is likely to cause slope
erosion as well as colluvial and alluvial valley aggradation over millen-
nial time scales.

Today, no significant debris-flow activity is evident in the Chusang
(or in any neighboring) catchment, and erosion is confined to (i) the
headward erosion of small gullies and (ii) periglacial slope processes
such solifluction, and small-scale active-layer detachment slides at alti-
tudes N4400 m asl. (Fig. 1C, D). Modern hot spring activity is similarly
sluggish, with very low discharge (~0.1–0.3 L/s) and only little modern
hydrothermal carbonate precipitation. The presence of extensive
colluvial sediment layers interbedded with travertine is thus in stark
contrast to modern sedimentary processes and hot spring discharge.
The sedimentary record at Chusang rather suggests that (i) precipita-
tion of hydrothermal carbonate and erosional processes on the
hillslopes were broadly synchronous and (ii) significantly higher in
the past (Figs. 4, 9A). We further argue that an enhanced ISM is a plau-
sible driving mechanism for both, travertine precipitation and colluvial
sedimentation and thus a possible explanation to reconcile these sedi-
mentological observations.

9. Summary and conclusions

The Chusang travertine is a ~24 m-thick sequence composed of hy-
drothermal carbonate interbedded with colluvium (mainly cohesive
debris-flow layers) sourced from the surrounding hillslopes. Geomor-
phological mapping combined with logging suggests that hot spring
water was discharged via travertine mounds onto a ~10° dipping
paleo-slope mantled by colluvium. Growth of these travertine mounds
is dominated by lateral and downslope progradation, causing individual
mounds to merge. This growth mechanism results in an undulating
terrain composed of multiple mounds forming a laterally extensive
travertine sheet and ultimately controls the occurrence and distribution
of the various travertine lithofacies, that include (i) a dense laminated,
(ii) a porous layered and (iii) an intraclastic travertine lithofacies.
Micro-fabric analyses suggest that the dense laminated travertine
lithofacies preserves a cyclic signal that is likely seasonal in nature (i.e.
abiotic dendritic calcite precipitation is interrupted during peak winter
conditions allowing a thin band of micrite to from). The precipitation
of the porous layered travertine lithofacies is cyclic aswell and in our in-
terpretation records seasonality via a biologically influenced calcite
layer that forms during the monsoon season when both, rainwater
availability and temperatures are high, allowing dilution of hot spring
water and growth of biota (while abiotic dendritic calcite precipitation
dominated during the rest of the year).

Diagenesis is ubiquitous in the Chusang travertine, but never alters
the original crystal fabrics completely. The most common diagenetic
processes include aggradational neomorphism resulting in mosaic-like
fabrics composed of recrystallized sparite, and the extensive formation
of pore cements that precipitated from infiltrated hot spring and/or
rainwater. Most prominent is a generation of white laminated calcite
cement that is in parts intergrown with acicular aragonite crystals.
Petrographic and geochemical analyses reveal that both polymorphs
formed almost coevally and did not suffer from diagenetic alteration.

Preliminary 230Th/U dating suggests that the base of the travertine–
colluvium succession at Chusang dates into the Middle Pleistocene,
while the top ~8mof the succession started accumulating in the earliest
Holocene. A ~1 km shift of the hot spring orifices from the valley floor
into southeastern direction and onto the adjacent hillslopes can be
reconstructed from these 230Th/U data and also explains the general in-
crease of colluvial sediment input into travertine system with time.

Today debris flow activity and travertine precipitation are insignifi-
cant at Chusang, but the occurrence of large fossil travertine mounds
and the interbedding of travertine with thick layers of debris-flows
suggests that terrigenous and chemical sediment depositions were
(i) orders of magnitudes higher in the past compared to today and
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(ii) likely synchronous and therefore (iii) probably controlled by the
same climatic forcing mechanism. We hypothesize that intervals of
strong monsoon enhanced hydrothermal water circulation and traver-
tine precipitation, as well as intensified slope processes and concomi-
tant accumulation of colluvium at hillslope toes.

Our study shows that the Chusang travertine–colluvium succession
may bear a ~500 ka record of paleoclimatic and paleoenvironmental
change. Further dating efforts are required to constrain (i) the exact du-
ration of individual pulses of travertine precipitation and colluvial sedi-
mentation, as well (ii) the age for the human imprints encased in the
top-most travertine sheet. We suggest that 230Th/U dating of primary
dendritic fabrics and of selected clean pore cements and luminescence
dating of detrital-rich travertine aswell as radiocarbon dating of organic
rich colluvium are viable ways forward to obtain a high-resolution re-
cord from this unique site. Although likely discontinuous in nature,
this sediment succession thus holds the potential to become one of
the longest records for Quaternary paleoenvironmental change on the
Tibetan Plateau.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.sedgeo.2016.07.002.
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