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Abstract 18 

Throughout the world, high artesian pressures in hydrothermal areas have led to the growth 19 

of tall spring towers that have their vents at their summits.  The factors that control their 20 

development and formative precipitates are poorly understood because these springs, irrespective 21 

of location, are mostly inactive.  Spring towers found at Shiqiang (Yunnan Province, China), 22 

which are up to 4 m high and 3 m in diameter, are formed largely of calcite and aragonite crystal 23 

bushes, euhedral calcite crystals and coated grains with alternating Fe-poor and Fe-rich zones, 24 

calcite rafts, and cements formed of various combinations of calcite, aragonite, strontianite, Mg-25 

Si reticulate, needle fiber calcite, calcified and non-calcified microbes, diatoms, and insects.  26 

Collectively, the limestones that form the towers can be divided into (1) Group A that are friable, 27 

porous and form the cores of the towers and have 
18

OSMOW values of +15.7 to +19.7‰ (average 28 

17.8‰) and 
13

CPDB values of +5.1 to +6.9‰ (average 5.9‰), and (2) Group B that are hard and 29 

well lithified and found largely around the vents and the tower sides, and have 
18

OSMOW values 30 

of +13.0 to +22.0‰ (average 17.6‰) and 
13

CPDB values of +1.4 to +3.6‰ (average 2.6‰).  The 31 

precipitates and the isotopic values indicate that these were thermogene springs.  Growth of the 32 

Shiqiang spring towers involved (1) Phase IA when precipitation of calcite and aragonite bushes 33 

formed the core of the tower and Phase IB when calcite, commonly Fe-rich, was precipitated 34 

locally, (2) Phase II that involved the precipitation of white cements, formed of calcite, 35 

aragonite, strontianite, and Mg-Si reticulate coatings in cavities amid the Phase I precipitates, 36 

and (3) Phase III, which formed probably after spring activity ceased, when needle-fibre calcite 37 

was precipitated and the mounds were invaded by microbes (some now calcified), diatoms, and 38 

insects.  At various times during this complex history, pore waters mediated dissolution of the 39 

calcite and aragonite and sometimes partial alteration of the aragonite.  The diverse array of 40 
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precipitates, depositional fabrics and diagenetic changes clearly indicate that the composition of 41 

the spring water changed frequently.  Growth of the spring towers at Shiqiang continued until 42 

there was insufficient artesian pressure to lift the water above the top of the tower vent.    43 

 44 

Keywords:  Hot springs, calcite, aragonite, opal-A, isotopes, dendrites  45 
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1. Introduction 46 

Hydrothermal landscapes associated with hot springs are commonly characterized by a 47 

diverse array of landforms that have developed as CaCO3 was precipitated from the spring 48 

waters. Among the rarest and most spectacular landforms are towers that have a height that is 49 

greater than their diameter and have their vent at the apex.  Examples include Liberty Cap and 50 

Devil’s Thumb in the Mammoth Hot Spring complex (Bargar, 1978, his Fig. 8; Chafetz and 51 

Guidry, 2003, their Fig. 2C; Jettestuen et al., 2006, their Fig. 9b; Meakin and Jamtveit, 2010, 52 

their Fig. 9), and those in the Travertine Totem Forest in Yellowstone National Park (Hutchinson 53 

and Thompson, 1992), the Jifei spring complex in Yunnan Province, China (Liu et al., 2012, 54 

their Fig. 3), the Rongma hot spring complex in Tibet (Gao et al., 2013, their Figs. 2A, 3B), the 55 

Chaga, Zhi-A, and Longma’er Travertine Stone Forest of Tibet (Dunzhujiacan and Wu, 1985, 56 

their Figs. 123, 127, and 128), and the Shiqiang in Yunnan Province, China (Jones and Peng, 57 

2014a, their Fig. 2).  In the context of hydrothermal spring systems, these enigmatic structures 58 

are unique because they grew when artesian pressures were high and vertical growth outpaced 59 

lateral accretion.  Determination of the processes involved in the development of these structures 60 

is handicapped by the fact that none of these tower springs is active today.  For example, when 61 

Liberty Cap in Yellowstone National Park was discovered and named in 1871, it was illustrated 62 

and described as having no water flowing from it (Hayden, 1872, his Fig. 14 and p. 67).  The 63 

problem is compounded by the fact that many of these structures occur in protected areas where 64 

sampling is not allowed and vertical cross-sections through these towers are non-existent.  Thus, 65 

the manner in which these structures grew is open to debate even though Jettestuan et al. (2006, 66 

their Fig. 10) and Meakin and Jamtveit (2016, their Fig. 9a, b) developed mathematical models 67 

to explain the growth of Liberty Cap. 68 
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At Shiqiang, located in Yunnan Province, China (Fig. 1), there are numerous inactive 69 

spring towers that are up to 4 m high (Figs. 2, 3).  Although most are located in a protected 70 

tourist area and could not be examined in detail or sampled (Fig. 2), three towers in farmland to 71 

the southeast were accessible in 2013.  Using samples collected from these three towers, this 72 

study (1) describes the precipitates involved in their construction, (2) derives the isotopic 73 

signatures of the precipitates, and (3) establishes the different phases of development involved in 74 

the growth of the towers.  Integration of this information provides the basis for establishing, for 75 

the first time, a multifaceted examination of the evolution of spring towers.  As such, it should 76 

provide an evolutionary model against which other spring towers can be compared. 77 

2.  General Setting 78 

Shiqiang is located at 25° 21’ 40.11” N and 98° 37’ 51.24”, 8 km SSW of Jietou, in a rural 79 

part of Yunnan Province (Fig. 1) that is characterized by extensive farmland but little bedrock 80 

exposure.  The springs at Shiqiang (also known as Stone Wall) are located on the 81 

Longchuanjiang Fault that cuts through the Tengchong block that resulted from the collision of 82 

the Indian and Eurasian plates (Du et al., 2005).  Located on the east margin of the Tibet-Yunnan 83 

geothermal zone (Kearey and Wei, 1993), faulting and volcanic activity affected this block until 84 

the early Cenozoic (Zhu and Tong, 1987; Du et al., 2005).  85 

Shiqiang includes (1) two active hot springs, with no evidence of tower development 86 

(Jones and Peng, 2016), and (2) inactive spring towers, of variable shape and size, that are up to 87 

4 m high and up to 3 m in diameter (Fig. 1C).  Fourteen inactive spring towers are located in 88 

small, fenced lakes (Fig. 2) in the northwest part of the area that used to be open to tourists. 89 

South of the two active springs there are three spring towers in a farmer’s field (Fig. 3).   90 

The climate of Shiqiang is similar to that for Tengchong, which is located 32 km to the 91 
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SSW (Fig. 1B).  Climate records between 1971 and 2000 showed that the subtropical highland 92 

climate of the Tengchong area had an average annual rainfall of 1480 mm and annual mean 93 

temperature of 14.9°C.  The seasonal climate ranges from temperatures of 1 to 17°C, rainfall of 94 

73 mm, and 244 hours of sunshine in January to temperatures of 17 to 24°C, rainfall of 286 mm, 95 

and 73 hours of sunshine in June (see Jones and Peng, 2012, their Fig. 3).  The low hours of 96 

sunshine during June is due to the cloud cover associated with the heavy monsoonal rains. 97 

3.  Methodology 98 

The 14 spring towers located in the lakes in the northwest part of the site (Fig. 1C) could 99 

not be sampled because they are part of the protected tourist site.  Thus, sampling was limited to 100 

the three spring towers (ST1, ST2, ST3) located in the farmland to the southeast of the two active 101 

springs (S1 and S2 – Fig. 1C).  One tower (ST1 – Fig. 1C) was in very good condition (Fig. 3A), 102 

one tower (ST2 – Fig. 1C) was in poor to moderate condition (Fig. 3B), and the third tower (ST3 103 

– Fig. 1C) had been largely destroyed with only its basal part remaining.  Although sampling was 104 

focused largely on ST1, some samples were also collected from ST2 and ST3.  Today, the main 105 

vents (~ 0.3 m diameter) of ST1 and ST2, located at the top of the towers (Fig. 2B), are filled 106 

with soil and actively growing grasses (ST1 – Fig. 3A) and trees (ST2 – Fig. 3B).  Actively 107 

growing mosses and grasses are also found on the sides of the towers (Fig. 3A, B).  Although 108 

sampling was allowed in May, 2013, a change in land ownership meant that access was 109 

impossible when the site was revisited in 2015.  110 

Oriented samples were collected from ST1 in order to obtain a comprehensive set of the 111 

formative lithologies.  Fewer samples were collected from ST2 and ST3 because they are not as 112 

well preserved.  The large scale fabrics of the samples were established from 23 large (7 x 5 cm) 113 

thin sections that were produced after the samples had been impregnated with blue epoxy.   114 
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Small fracture samples (~ 1 cm
3
) were extracted from the larger samples for examination 115 

on the scanning electron microscope (SEM).  After mounting on a SEM stub, each sample was 116 

sputter coated with gold or carbon before being examined on a JEOL 6400FE SEM with an 117 

accelerating voltage of 5 kV.  Crystal morphology and elemental composition as determined by 118 

Energy-dispersive X-ray (EDX) analyses, which were done with an accelerating voltage of 20 119 

kV, were used to identify the minerals evident on the SEM.  The average spot size of ~ 1 µm was 120 

used for the EDX analyses and numerous analyses were done to verify the presence of the 121 

detected elements.   122 

Assessment of the samples was based on detailed petrographic analysis of the thin sections 123 

and 4034 SEM photomicrographs that were obtained from 30 different SEM samples.  The grey 124 

levels and contrast of some SEM images were modified using PhotoShop CC
©

.  A black 125 

background was introduced into some images in order to accentuate the main features of the 126 

sample. 127 

 Twenty-four samples, each ~ 1 g, were taken from various parts of the hand samples and 128 

ground into a powder using a mortar and pestle.  The mineralogy of these samples was 129 

determined by X-ray diffraction (XRD) analyses that used a Rigaku Ultima IV Powder XRD 130 

system that was run at 38 kV and 38 mA using an Ultima IV X-ray generator with a Co tube.  All 131 

scans were run from 5° to 90° 2θ at a speed of 2° θ/min.  Once the mineralogy had been 132 

established, the same samples were used for stable isotope analyses.  The percentages of calcite 133 

and aragonite were determined from the XRD analyses by using the equation y = 56.2982x
3
 – 134 

1.1170x
2
 + 45.2572x in which y = % calcite and x = d104/(d104 + d111 + d021) with the d values 135 

being the peak heights.  This equation, derived by Dr. A. Locock (pers. comm., Electron 136 

Microprobe Laboratory, University of Alberta) is based on artificial samples created with known 137 
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percentages of calcite and aragonite, is the same equation used by Li and Jones (2014).  The 138 

values obtained by this method are accurate at ±2 wt%. 139 

The isotope analyses, undertaken by Isotope Tracer Technologies Inc. (Ontario, Canada), 140 

are reported in the Vienna-Pee Dee Belemnite (VDPB) notation.  After being flushed with 141 

helium for 4 min, the samples were dried in an oven for 15 min at a temperature of 50°C and 142 

then acidified with four drops of 100% phosphoric acid.  After 2 hours of reaction time, aliquots 143 

were injected into a HP6890 GC-C + Delta Plus XL IRMA system for analysis (Hewlett Packard 144 

Company, Palo Alto, California, USA).  The standards, NIST-19, NIST-18 and IT2-21, were run 145 

every five samples.  The reproducibility is 0.15‰ for 
18

O(calcite) and 0.1‰ for 
13

C(calcite).  146 

4. Terminology 147 

A wide variety of descriptive terms have been used for deposits that are localized around 148 

spring vents.  These include, for example, “mounds” (e.g., Pentecost, 2005, his Fig. 10), “cone-149 

type hot spring” and “hot spring cones” (Bargar, 1978, his Fig. 8), “well-developed cone-shaped 150 

accumulation” (Chafetz and Guidry, 2003, their Fig. 2C), “travertine cones” (Hutchinson and 151 

Thompson, 1992; Liu et al., 2012, their Fig. 3; Gao et al., 2013, their Fig. 3A), “spring towers” 152 

(Jones and Peng, 2014a, 2014c), “travertine mounds” or “travertine chimneys” (Houssein, 2010; 153 

Houssein et al., 2013), and “towers” (Kempe et al., 1991; Guo and Chafetz, 2012).  These terms 154 

encompass a wide range of morphological structures that have developed on land, partly 155 

submerged in water, or completely underwater.  Herein the term spring tower is applied to those 156 

spring-generated structures that have (1) their main vent at the top of the structure, and (2) are of 157 

limited areal extent with no associated discharge apron.  Although the height of the structure is 158 

typically greater than the diameter, this is not always the case.  The use of the term “cone” is 159 

avoided because (1) the height of a cone does need not be greater than its diameter, and (2) many 160 
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of the highest structures of this type have (sub)parallel sides with any hint of a “cone” shape 161 

being evident only in the uppermost part of the structure.   162 

From the perspective of the location where these structures formed, they can be referred to 163 

as “terrestrial spring towers” if they form on land, “submerged spring towers” if their 164 

development was completely underwater, and “partly submerged spring towers” if the basal part 165 

of the tower was submerged and the upper part (including the spring vent) was above water 166 

level.    167 

5. Results 168 

The spring towers at Shiqiang are ~ 0.5 m (Fig. 2A) to ~ 4.0 m (Fig. 3A) high with an 169 

external morphology that ranges from conical (Fig. 2B), to mushroom-shaped (Fig. 2C), to forms 170 

with parallel sides and a conical upper part (Fig. 3A), to mounds (diameter > height) that may 171 

have been formed by the merging of two or more smaller towers (Fig. 2A).  There is no pattern 172 

to the distribution of the different morphological forms as towers that are side-by-side and only a 173 

few meters apart may be significantly different (Fig. 2).  All of the spring towers at Shiqiang are 174 

now inactive with various plants (e.g., grasses, trees) growing in the soils that fill their vents 175 

(Fig. 2, 3).  The sides of the towers are weathered and largely covered by moss and other plants 176 

(Figs. 2, 3).     177 

Information derived from the field, thin section, and SEM indicates that the deposits in 178 

these enigmatic structures can be divided into (1) Phase I that includes all of the original 179 

precipitates that led to the initial growth and formation of the towers, (2) Phase II that includes 180 

the white precipitates (Fig. 3C, D) that were precipitated in the cavities in the Phase I 181 

precipitates, and (3) Phase III that includes needle fiber calcite (Jones and Peng, 2014a) and 182 

calcified cyanobacteria (Jones and Peng, 2014c).   183 
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5.1. Phase I 184 

Phase I included (1) growth of complex crystal bushes, formed of calcite and aragonite, (2) 185 

precipitation of Fe-rich limestones that include Fe-rich laminae and Fe-dendrites, (3) 186 

precipitation of zoned calcite crystals, (4) growth of coated grains, (5) growth of calcite rafts, and 187 

(6) dissolution of calcite and aragonite.  The facies that formed during this phase can be divided 188 

into Group A, that includes the friable limestones from the interior of the tower and Group B, 189 

that forms the hard, well-lithified limestones that cap the tower around the main vent and the 190 

accessory side vents.  The friable limestones of Group A are formed largely of crystal bushes 191 

whereas the hard limestones of Group B include the Fe-rich limestones and pool deposits that 192 

that are formed of various combinations of zoned calcite crystals, coated grains, and calcite rafts 193 

that are cemented by calcite.     194 

 5.1.1. Crystal bushes 195 

Individual three-dimensional crystal bushes grew from a nucleus and expanded upwards 196 

into a bush-like structure with numerous delicate branches (Fig. 4).  The bushes are typically < 2 197 

cm high and < 1 cm in diameter but some are up to 5 cm high.  Individual branches are rarely 198 

more than 1 mm in diameter (Figs. 4, 5).  Although each branch is formed largely of calcite 199 

crystals, most include aragonite fans (Fig. 4B-E).  There is no readily identifiable pattern to the 200 

distribution of the calcite and aragonite.  Analysis of crystal bushes was difficult because (1) 201 

their delicate nature made it difficult to produce good thin sections, (2) it was largely impossible 202 

to obtain cross-sections through the branches for SEM analysis because the samples tended to 203 

fracture around rather than through the branches, (3) the cores of most branches have been partly 204 

dissolved (Fig. 5D-H), and (4) the surfaces of the branches are typically covered and disguised 205 

by Phase III precipitates that include needle-fiber calcite and calcified cyanobacteria.   Thus, 206 
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information on the structure of the constituent branches had to be gleaned from those thin 207 

sections with largely intact crystal bushes (Fig. 4A, B), and fortuitous cross-sectional fractures of 208 

the branches that were evident in some SEM samples (Fig. 5F). 209 

The aragonite fans, up to 2 mm wide and high, are characterized by needle-like crystals that 210 

radiate from a nucleus (Fig. 4C-E).  In some branches, neighboring fans merged laterally to form 211 

larger, more complex arrays.  Fine, concentric growth banding is a common feature of all fans.  212 

Under plane polarized light the aragonite ranges from white to dark brown in color (Fig. 4C-E).   213 

The exact morphology of the calcite crystals could not be accurately established because of 214 

alteration and/or younger overgrowths.  Thin section analysis suggests that the constituent spar 215 

crystals are typically no more than 0.5 mm high and wide and lack any consistent shape (Fig. 216 

4C-D).  Fortuitous cross-sections through some of the branches, evident on the SEM, show that 217 

many of these crystals have been extensively etched so that they are now only represented by 218 

irregular and complex skeletons formed of calcite spindles (Fig. 5D-F).  In most cases the 219 

exteriors of these crystals were not affected by leaching and their exterior surfaces remained 220 

intact.  In some, the branches are almost hollow (Fig. 5G, H). 221 

Some branches are formed solely of calcite whereas others are formed of calcite and 222 

aragonite (Figs. 4A, 5A).  The calcite branches are formed of numerous calcite crystals that are 223 

stacked one on top of the other.  For branches formed of aragonite and calcite, the distribution of 224 

the two polymorphs is inconsistent.  Thus, aragonite fans are rooted on calcite crystals and 225 

overlain by calcite crystals (Fig. 4C-E).  In some cases, neighbouring branches have aragonite 226 

fans developed at a common level, but this is not always the case.   227 

Irregular lateral connections between the vertical branches are common (Fig. 5A-C).  There 228 

is no pattern to their distribution and the lateral connections seem to be formed of the same types 229 
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of crystals as the vertical branches (Fig. 5A, B).  There is no identifiable branching pattern in the 230 

crystal bushes with new branches arising at irregular intervals (Fig. 4, 5).  231 

5.1.2.  Fe-rich precipitates 232 

Many of the precipitates in the lower and central parts of ST1 are characterized by their 233 

yellowish-orange color (Fig. 3C), whereas those around the vents in the upper part of the towers 234 

are typically red to dark red in colour.  Samples from the upper part of ST1 are characterized by 235 

red laminae or alternating red to orange, Fe-rich laminae and white calcite laminae (Fig. 6A).  236 

The Fe is located in delicate Fe-dendrites, up to 0.5 mm high and ~ 0.25 mm in diameter, that are 237 

characterized by complex bush-like branching patterns (Fig. 6B-C).  Given that these structures 238 

are evident in thin sections throughout the calcite crystals, it appears that the Fe-dendrites 239 

developed and grew in tandem with the enveloping calcite crystals (Fig. 6C).   240 

The colour of individual laminae appears to be linked to the density of the Fe-dendrites 241 

with the lighter coloured laminae containing fewer and more widely spaced dendrites than the 242 

darker coloured laminae, where there are densely crowded Fe-dendrites (Fig. 6A).  In many 243 

laminae the Fe-dendrites have merged together. 244 

SEM analyses show that Fe-rich precipitates are present as (1) arrays of needle-shaped 245 

crystals, typically < 1 µm long, that are organized in small clusters or radiating from a round but 246 

hollow nucleus (Fig. 7A), (2) small hollows spheres with walls formed of anhedral, Fe-rich 247 

crystals that are < 250 nm long (Fig. 7B), and (3) hollow, smooth-walled Fe-rich bodies that are 248 

up to 100 µm in diameter (Fig. 7C).  Besides Fe, some of these crystals/structures also contain 249 

minor amounts of Si (Fig. 8). 250 

The Fe-dendrites in the Shiqiang are morphologically akin to the microproblematicum 251 

Frutexites Maslov that have been described from Jurassic shallow marine sediments of southern 252 
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Germany and Austria (Böhm and Brachert, 1993), Pleistocene and Miocene travertines of 253 

southern Germany (Koban and Schweigert, 1993), and Devonian strata from Morocco 254 

(Jakubowicz et al., 2014).  The origin of these distinctive structures is open to debate, with 255 

suggested origins ranging from organic processes, biomineralized structures, or inorganic 256 

mineralization (Böhm and Brachert, 1993).  Morphologically, the Fe-dendrites are also similar to 257 

ferrihydrite precipitates found in various Japanese spring deposits that have been attributed to 258 

microbial activity (Takashima et al., 2008, 2011).  No clearly defined microbes or EPS was 259 

found in the Fe-rich deposits at Shiqiang. 260 

5.1.3.  Zoned calcite crystals 261 

Some samples from ST1 and ST2 are characterized by zoned, euhedral calcite crystals that 262 

are up to 0.50 mm long (Fig. 9).  Zoning is highlighted by Fe-rich zones that alternate with Fe-263 

poor zones (Fig. 9).  These crystals include up to six clearly defined zones (Fig. 9B).  264 

Many of the zoned calcite crystals are characterized by selective dissolution whereby some 265 

zones that were presumably formed of more soluble precipitates have been removed by 266 

dissolution (Fig. 9C, 10).  Such dissolution emphasizes the zoning in the crystals (Fig. 10A, B).  267 

5.1.4.  Coated grains 268 

Coated grains were found in small spring pools around the top vent, the side vents, and 269 

scattered throughout the precipitates in the interior of the tower (Fig. 11).  Although up to 5 mm 270 

in diameter, most are < 2 mm in diameter.  Irrespective of their size, distinct nuclei are absent 271 

(Fig. 11).  Internally, these grains are formed of various combinations of aragonite and Fe-rich 272 

laminae.  Some coated grains are formed largely of aragonite and only their outer layers are 273 

formed of Fe-rich calcite (Fig. 11A-C) whereas others are formed of numerous alternating Fe-274 

rich and Fe-poor laminae (Fig. 11D, F).  The rarest coated grains are those formed almost 275 
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entirely of Fe-rich laminae (Fig. 11E, H-I).  The coated grains are typically cemented by spar 276 

calcite (Fig. 11). 277 

5.1.4.  Calcite rafts 278 

Some deposits around the main vent of ST1 contain calcite rafts that are up to 3 mm long 279 

and 0.5 mm thick (Fig. 12).  Each raft has a core formed of dense, dark-colored micrite with 280 

some having a very thin central zone that is defined by its darker color (Fig. 12).  Some rafts 281 

have crystals growing from their lower surface whereas others have crystals growing from their 282 

lower and upper surfaces (Fig. 12A).  That they are rafts is clearly demonstrated by the fact that 283 

at the ends of the rafts, calcite crystals radiate outwards in an orderly manner (Fig. 12C) 284 

The rafts are either stacked one on top of another with pores between (Fig. 12A) or held in 285 

spar calcite cement (Fig. 12B).  286 

5.2. Phase II 287 

These white precipitates, found in the pores and cavities that exist in Phase I precipitates, 288 

contrast sharply with the earlier formed varicolored precipitates (Fig. 3C, D).  The Phase II 289 

cements are formed of aragonite (Fig. 13) that locally grade into strontianite (Figs. 14-16), Mg-Si 290 

reticulate coatings (Figs. 18, 19), and calcite (Fig. 20). 291 

 5.2.1.  Aragonite and associated cements 292 

Many cavities in the Phase I precipitates are partly or completely filled with cements 293 

formed of aragonite and strontianite (Figs. 13-16).  Thin section and SEM imaging shows that 294 

the aragonite cement is formed of euhedral crystals, up 2 cm long and 10 µm wide (typically ~ 5 295 

µm), that are arranged in fans (Figs. 13, 14A-D).  All of the crystals grew from a single 296 

nucleation point and progressively widened as their length increased (Fig. 14A, B).  Most 297 
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crystals appear to have a hexagonal cross-section shape.  Laterally linked domes (Fig. 13C-H) 298 

are internally characterized by (1) numerous closely defined growth lines, (Fig. 13C, D), (2) 299 

internal zones that are defined by color differences when viewed with plane polarized light (Fig. 300 

13F-G), and (3) sweeping extinction patterns (Fig. 13E, H).   301 

Some aragonite fans include thin (< 10 µm) layers formed of fibrous crystals that are < 302 

0.25 µm wide (Fig. 14E, F).  EDX analyses show that the aragonite crystals are formed of Ca 303 

(locally with a trace amount of Mg) whereas the fibrous crystals contain Ca, Sr, and Ba (Fig. 304 

14E, 15).  The Sr-rich zones, commonly < 1 µm thick, are clearly highlighted on the BSE images  305 

(Fig. 16B, E-H).  The Sr-rich crystals are probably strontianite, which commonly contains up to 306 

25% Ca and up to 4% Ba (cf., Speer and Hensley-Dunn, 1976; Radha and Navrotsky, 2013).  307 

Attempts to identify strontianite through XRD analyses failed, probably because it is only 308 

present in minor amounts. 309 

5.2.2.  Mg-Si reticulate coating 310 

The walls of some cavities and the surfaces of some of the aragonite domes are covered 311 

with a reticulate coating (terminology following Jones and Renaut, 1996b; Jones and Peng, 312 

2014d) formed of small, curvilinear plates that are at 90° to the substrate and intersect with each 313 

other in an irregular fashion (Fig. 18A-F).  Locally, the cells between the intersecting plates, 314 

which are irregular in size and shape (Fig. 18A-C), are partly filled by calcite (Fig. 18B).  Some 315 

substrates are coated with multiple generations of reticulate coatings (Fig. 18D-F) with each 316 

generation being defined by plates of different sizes (Fig. 18E).  The reticulate coatings are 317 

typically extensive and cover large areas of the substrate.  Locally, however, the reticulate 318 

coatings form small (< 200 µm long) ovoid masses that are formed of plates that grew outwards 319 

from a single nucleation point (Fig. 18G-I).   320 
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Numerous EDX analyses of the reticulate coatings show they are formed largely of Ca, 321 

Mg, and Si (Fig. 19).  The Ca detected in many of these analyses (Fig. 19A, F, G) may, however, 322 

be coming from the underlying substrate and/or calcite cement in the cells rather than the coating 323 

itself.  This suggestion is supported by the fact that the Ca content, as judged by peak height, is 324 

highly variable from spot to spot (Fig. 19). 325 

The Mg-Si reticulate coating is morphologically and compositionally akin to similar 326 

coatings that have been documented from China (Jones and Peng, 2014d), Kenya (Casanova and 327 

Renaut, 1987; Jones and Renaut, 1996a, 1996b), and New Zealand (Jones et al., 2003). 328 

5.2.3.  Calcite cement 329 

Many cavities in the spring deposits contain calcite cement, commonly in association with 330 

the aragonite cements (Fig. 13D, E).  The calcite cement includes (1) spar crystals (Fig. 13D, E), 331 

(2) columnar crystals (Fig. 20A-D), and (3) unattached euhedral pseudo-dodecahedral crystals 332 

(Fig. 20E, F). 333 

 Irregular-shaped crystals, up to 0.5 mm long, forms isopachous coatings on cavity walls 334 

(Fig. 13A) or partly fills some of the cavities (Fig. 13D).  Textural relationships indicate that 335 

precipitation of the spar calcite postdated precipitation of the aragonite cements (Fig. 13D, E). 336 

Some substrates are covered with a calcite layer that is formed of tightly interlocking, 337 

nested crystals that are up to 60 µm long and 5 µm wide, that splayed outwards as they grew 338 

from the substrate (Fig. 20A-D).  Many of these crystals have a trigonal motif (Fig. 20B). 339 

The last formed crystals, which commonly rest on the surfaces of the earlier formed 340 

cements, are dodecahedral crystals that have beveled crystal edges (Fig. 20E, F).  These crystals, 341 

< 5 µm long, commonly occur in small clusters that are not attached to a substrate (Fig. 20E, F).   342 
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5.3. Phase III 343 

This phase, which encompasses all of the processes that postdated Phases I and II, includes 344 

(1) needle-fiber calcite crystals, (2) non-calcified and calcified filamentous microbes, and (3) 345 

microbial borings.  Where present, these precipitates and microbes completely mask the older 346 

substrates. 347 

5.3.1. Needle-fiber calcite   348 

Many cavity walls are coated by mats formed of are morphologically complex needle-fiber 349 

calcite crystals that are up to 100 µm long but < 0.5 µm wide (Fig. 21).  These mats 350 

indiscriminately covered all types of substrate (Fig. 21A).  In some samples, calcified and non-351 

calcified filamentous microbes are entwined with the needle-fiber crystals and non-calcified 352 

insects are present locally.  A detailed description of these crystals was provided by Jones and 353 

Peng (2014a).  354 

 5.3.2. Non-calcified and calcified micro-organisms 355 

Non-calcified micro-organisms include various types of filamentous microbes, calcified 356 

microbes, diatoms, euglypharids, and various types of insects are locally common, but not 357 

present in every sample that was examined (Fig. 22A-F). 358 

The filamentous microbes, which appear fresh with no evidence of calcification or 359 

desiccation (Fig. 22A-C), are commonly enmeshed around the needle-fiber calcite crystals, 360 

suggesting that they are of similar age.  361 

Diatoms are locally common, typically being found in small clusters (Fig. 22D).  Their 362 

siliceous frustules are generally well-preserved with no evidence of abrasion or breakage.  Some 363 

samples from ST3 contained numerous euglypharids that are well-preserved with their external 364 

calcareous plates, mouth, other structures being clearly evident (Fig. 22E).  Fragmentary and 365 
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whole insects, present in some cavities (Fig. 22F), commonly have non-calcified filamentous 366 

microbes wrapped around them.  None of the insects appeared to be calcified.   367 

Calcified filamentous microbes are present in some samples but absent from most.  This 368 

diverse array of microbes includes calcified Syctonema julianum (Fig. 22G, H) that are covered 369 

with amorphous calcium carbonate, acicular crystals, triradiate calcite crystals, dendrite crystals, 370 

and skeletal rhombic crystals (Jones and Peng, 2014c, their Figs. 7-11).  Less common are 371 

calcified filaments, up to 25 µm long and 400 nm in diameter, with calcification characterized by 372 

a mesh-like structure with diamond-shaped apertures (Fig. 22I).  These filaments are akin to 373 

reticulate filaments documented by Jones (1991, his Figs. 6B, 9E; 2011, his Fig. 5), Melim et al. 374 

(2008, their Figs. 4, 6), and Miller et al. (2012, their Figs. 2A, 2B, 4A).  Other calcified filaments 375 

are covered with very finely crystalline calcite (Fig. 22J, K). 376 

Some calcite crystals that formed early in the developmental history of the spring towers 377 

have been penetrated by borings that are up to 250 µm long and 5 µm in diameter (Fig. 22L-N).  378 

Although most borings are empty, there are rare examples that contain remnants of the formative 379 

microbe (Fig. 22N). 380 

5.4. Diagenetic alteration 381 

Diagenetic alteration of Phases I, II, and III precipitates includes alteration of the aragonite 382 

(Figs. 23A, B, 24A-J) and calcite (Fig. 23C-E).  Dissolution mostly affected the Phase I calcite 383 

and aragonite whereas partial alteration of aragonite is mostly evident in the Phase II aragonite. 384 

5.4.1. Aragonite alteration 385 

Some of the Phase I aragonite that is an integral part of the crystal bushes has undergone 386 

little or no alteration (Fig. 4), whereas other aragonite has undergone extensive dissolution (Fig. 387 

23A, B).  Where evident, the cores of the aragonite fans have commonly undergone more 388 
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dissolution than the outer parts of the fans (Fig. 23A, B).  In some examples, dissolution has also 389 

preferentially penetrated along certain growth zones.  The degree and pattern of dissolution 390 

varies from fan to fan.  In the most extreme cases, only the outer shell of the original fan 391 

remains. 392 

Phase II aragonite is typically characterized by botryoidal masses formed of radiating 393 

crystals that have hexagonal cross-sections, well defined crystal faces and edges, and in many 394 

cases zig-zag suture lines along the length of the crystal faces that are indicative of cyclic 395 

twinning (Fig. 14A-D).  Radiating clusters of crystals are evident throughout the samples (Figs. 396 

13G, H, 14A, 24B, C, F, H).  In some samples, however, these masses are no longer formed of 397 

pristine aragonite crystals.  Instead, they are formed of amalgamations of small, irregular-shaped 398 

grains that are commonly < 1 µm long (Fig. 24D, E, G, I-L).  The variable packing of these 399 

grains means that the microporosity varies on a microscale (Fig. 24E).  In these cases, there is no 400 

direct evidence of the original aragonite crystals other than the traces of the crystals when 401 

viewed at low magnification.  EDX analyses show that the small grains are formed largely of Ca.  402 

It is impossible, however, to determine if these grains are formed of calcite or if they are 403 

remnants of the original aragonite crystal.  The degradation of the aragonite crystals in these 404 

arrays may be responsible for some of the darker colored zones that are apparent in thin section 405 

(Fig. 4C, E). 406 

Throughout the samples there are rare examples of aragonite crystals that are embedded in 407 

calcite (Fig. 24K, L).  In these examples, the aragonite crystals are well preserved and show no 408 

evidence of dissolution or any other type of alteration.  There are no textural indications that the 409 

calcite originated from the aragonite.   410 
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5.4.2. Calcite alteration 411 

Many calcite crystals in the branches of the crystal bushes have been dissolved to various 412 

degrees (Fig. 5D-H, 9C, 10, 23C-E).  In some cases, dissolution attacked specific zones in the 413 

calcite crystals (Figs. 9C, 10) whereas in other crystals the cores were preferentially dissolved 414 

and hollow crystals resulted (Fig. 23C-E).   415 

There is no systematic pattern to the dissolution.  Thus, some branches in the crystal bushes 416 

exhibit dissolution of both the aragonite and calcite crystals, whereas other branches show 417 

evidence of aragonite dissolution but not calcite dissolution (or vice versa).  Similarly within a 418 

single branch, some calcite crystals show evidence of dissolution whereas others appear 419 

unaffected. 420 

5.5. Stable isotopes 421 

The components that form the precipitates in the spring towers are intercalated on such a 422 

fine scale that it is impossible to segregated them and obtain the stable isotope signature of each 423 

precipitate.  Thus, 26 small samples (each ~ 1 g) were extracted from the Phase I (orange-brown) 424 

and Phase II (white) precipitates so that their isotopes could be compared.  XRD analyses 425 

showed that each sample is formed largely of calcite with minor amounts of quartz being present 426 

in some of them.  Aragonite was detected in only 3 samples (5-10%).  There is no obvious 427 

correlation between the stable isotope values and the presence/absence of aragonite. 428 

A cross-plot of 
18

Ocalcite(SMOW) versus 
13

Ccalcite(PDB) shows that the samples from ST1, ST2, 429 

and ST3 can be divided into Groups A and B with the difference being largely in the 
13

CPDB 430 

values (Fig. 25).  Group A, with 
13

CCaCO3(PDB) values between +5.1 and +6.9‰ (average 5.9‰), 431 

are all friable samples that came from the interior of ST1 (Fig. 2A).  Samples in Group B, which 432 

came from ST1, ST2, and ST3 with 
13

C CaCO3(PDB) values of +1.4 to +3.6‰ (average 2.6‰), are 433 
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harder and better lithified than those in Group A (Fig. 25).  Group B samples from ST1 came 434 

from the uppermost part of the tower where the rocks around the main vent are well-lithified and 435 

contrast sharply with the friable rocks that form the interior of the tower.   436 

The 
18

Ocalcite(SMOW)and 
13

Ccalcite(PDB) values for the samples in group B are higher than 437 

those derived from modern precipitates around springs S1 and S2, which are still active today 438 

(Fig. 25).  439 

6. Interpretation of stable isotopes 440 

6.1. Comparison with other Chinese hot springs 441 

Other calcite and/or aragonite spring deposits in Yunnan Province include those at 442 

Shuzhishi (Jones and Peng, 2012), Gongxiaoshe and Zhuyuan in the Ruidian area (Jones and 443 

Peng, 2014d), Jifei (Jones and Peng, 2014b), Eryuan (Peng and Jones, 2013), and the modern 444 

springs at Shiqiang (Jones and Peng, 2016).  Given that most of these samples came from or very 445 

close to the spring vent pool, they represent precipitation from spring waters that had 446 

experienced little or no downslope modifications due to processes such as degassing or 447 

evaporation.  Jifei, however, is the exception because those precipitates formed on a cliff face 448 

just below a spring vent, and some downslope degassing and/or evaporation probably took place 449 

before the waters reached the site of precipitation.  450 

From an isotopic perspective, the precipitates in the spring towers at Shiqiang contrast with 451 

the calcite-aragonite found in the other springs in two important respects.   452 

 Group A samples have higher 
13

C CaCO3(PDB) values than those from the other springs (Fig. 453 

26).  Calcite dendrites from Shuzhishi, for example, have 
13

C CaCO3(PDB) values of -2.5 to -454 

3.2‰, whereas the precipitates in Group A yielded values of +5.1 to +6.9‰ (Fig. 26).  The 455 
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
18

O CaCO3(SMOW) values of Group A, from +15.7 to +19.7‰ are generally higher than those 456 

from the other springs such as those at Jifei, which are between +9 and +13‰ (Fig. 26).  457 

The samples in Group A, however, plot along the same trend line as samples from the other 458 

springs (Fig. 26). 459 

 Group B samples have lower 
13

C CaCO3(PDB) values than those in Group A, and do not plot 460 

along the 
13

C CaCO3(PDB) versus 
18

O CaCO3(SMOW) trend line that links all of the other springs 461 

and the Shiqiang Group A precipitates (Fig. 26).  This is due largely to the fact that the 462 


18

O CaCO3(SMOW) values are higher than the 
18

O CaCO3(SMOW) values for the deposits from the 463 

other springs (Fig. 26).  464 

6.2. Temperature derivation from O isotopes 465 

Based on 17 samples, the 
18

OCaCO3(SMOW) values for Group A range from +15.7 to +19.7‰ 466 

(average 17.8‰) whereas those in Group B (9 samples) range from +13.0 to +22.0‰ (average 467 

17.6‰).  Providing (1) the 
18

Owater(SMOW) of the parent water is known, and (2) precipitation of 468 

the calcite/aragonite was in isotopic equilibrium with the parent water, the equations developed 469 

by O’Neil et al. (1969), Anderson and Arthur (1983), Hays and Grossman (1991), Kim and 470 

O’Neil (1997), and Chacko and Deines (2008) allow calculation of the original water 471 

temperature.  For ease of reference, calculated temperatures derived from these equations are 472 

collectively referred to CT-I.  Equations developed by Coplen (2007) and Kele et al. (2015) are 473 

also used because they argued that the other equations provide underestimates of the true 474 

temperature.  Calculated temperatures from these two equations are referred to as CT-II. 475 

Given that spring water is no longer flowing from any of the spring towers at Shiqiang, the 476 

isotopic value of the parent water is unknown.  Herein, a 
18

Owater(SMOW) value of -11‰ is used 477 
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because this is the value that Jones and Peng (2016) obtained for water from the two modern, 478 

active springs that are located < 50 m from ST1 (Fig. 1C).  For each sample, the CT-I values 479 

vary by up to 5°C with the equation from O’Neil et al. (1969) always giving the highest value 480 

and the equation from Kim and O’Neil (1997) always giving the lowest value (Fig. 27).  All 481 

equations were applied under the assumption that a sample is formed of 100% calcite.  Although 482 

true for most samples, some do contain minor amounts of aragonite.  Thus, two temperatures 483 

were calculated using the Chacko and Deines (2008) method, the first assuming 100% calcite 484 

and the second assuming 100% aragonite (Fig. 27).  This produced a temperature range of ~ 7°C 485 

(Fig. 27) for each sample, which spans the temperatures derived from the equations of O’Neil et 486 

al. (1969), Anderson and Arthur (1983), Hays and Grossman (1991), and Kim and O’Neil 487 

(1997).  488 

The CT-II values are typically 8-10°C higher than the CT-I values, with the CT from the 489 

Kele et al. (2015) always being higher than that derived from the Coplen (2007) equation (Fig. 490 

27).  The CT-II values are also significantly higher than either the CT values derived for calcite 491 

or aragonite using the Chacko and Deines (2008) equation (Fig. 27). 492 

Overall, the samples yielded CT-I values of 12° to 52°C, whereas the CT-II values range 493 

from 21 to 61°C (Fig. 27).  Samples in Group A yielded CT-I values of 13 to 34°C, with most 494 

being in the 20 to 30°C range, whereas the CT-II values range from 21 to 44°C with most in the 495 

30 to 40°C range (Fig. 27).  For Group B, the CT-I values ranged from 10 to 50°C whereas the 496 

CT-II values ranged from 20 to 61°C (Fig. 27).  Irrespective of the equation used, Group B can 497 

be divided into B1 and B2, wherein samples in B2 yielded higher CT than those in B1 (Fig. 27). 498 

Irrespective of the equation used, the CT derived from the calcite and aragonite that are 499 

presently forming in and close to the active vent pools S1 and S2 at Shiqiang are not in 500 
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agreement with the measured water temperatures (Jones and Peng, 2016).  The same is true for 501 

other calcite and aragonite precipitates at other hot springs in Yunnan Province, including those 502 

at Gongxiaoshe, Zhuyuan, Jifei, and Eryuan.  Such discrepancies between the CT and measured 503 

water temperatures (MT) are due to either (1) the precipitates not being in isotopic equilibrium 504 

with the spring water, or (2) the precipitates formed from older spring waters with an isotopic 505 

signature that was different from that of the modern spring water. 506 

6.2. Interpretation of C isotopes 507 


13

C values derived from carbonate deposits in spring systems have been used to divide 508 

them into meteogene and thermogene travertines (e.g., Pentecost and Viles, 1994; Pentecost, 509 

1995, 2005; Kele et al., 2003).  Although based on the 
13

C of the carrier CO2, this division is 510 

also characterized by contrasts in other aspects of the deposits (e.g., Kele et al., 2003, their Table 511 

2).  According to Pentecost (2005, his Fig. 46a, c) the 
13

CCaCO3
 of the thermogene travertines 512 

range from –3 to +8‰ (average +3.89‰), whereas the 
13

CCaCO3
 of the meteogene travertine 513 

ranges from 0 to –11‰ (average –7‰).  Under this scheme, the precipitates from Shiqiang, with 514 


13

CCaCO3(PDB) values of +5.1 to +6.9‰ (average +5.9‰) for Group A and 
13

CCaCO3(PDB) values of 515 

+1.4 to +3.6‰ (average +2.6‰) for Group B belong to the thermogene class.  Other aspects of 516 

the Shiqiang deposits are also consistent with other features of thermogene travertines as 517 

outlined by Pentecost and Viles (1994), Pentecost (1995) and Kele et al. (2003, their Table 2). 518 

In situations where spring activity has ceased, the 
13

CCO2 (PDB) of the carrier CO2 can be 519 

derived from the 
13

CCaCO3(PDB), as suggested by Panichi and Tongiorgi  (1976).  This is 520 

important because it can provide clues as to the origin of the CO2 and hence, the circulation 521 

patterns of the spring water.  Kele et al. (2011), however, argued that the 
13

CCO2 (PDB) value must 522 
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be derived from precipitates close to the spring vent pool so that the isotopes do not reflect 523 

downslope modification of the spring waters by degassing and/or evaporation.  Panichi and 524 

Tongiorgi (1976) related the 
13

CCO2 and 
13

CCaCO3 
by the equation (1).  525 


13

CCO2 
= 1.2(

13
CCaCO3

) -10.5  (1) 526 

This equation was subsequently used by Minissale et al. (2002) in their analysis of Quaternary 527 

travertines from central Italy and Kele et al. (2003, 2011) in their studies of various Hungarian 528 

and Turkish travertines.  The equation proposed by Panichi and Tongiorgi (1976), however, 529 

ignores the fact that C fractionation is temperature dependent as shown by Bottinga (1968), 530 

Emrich et al. (1970), Romanek et al. (1992), Chacko et al. (2001), and Chacko and Deines 531 

(2008).  Although calculated, values obtained from the Panichi and Tongiorgi (1976) equation 532 

were not used because it does not account for the T dependency of C fractionation.   533 

 For samples from the spring towers at Shiqiang, the 
13

CCO2 
was calculated for water 534 

temperatures of 25°C and 40°C because (1) it includes most of the CT derived from 
18

OCaCO3
, 535 

and (2) it matches the range of temperature values covered by some of experimental work used 536 

to derived the T dependency of the C fractionation factor (e.g., Romanek et al., 1992).  The 537 

equation (2) derived by Romanek et al (1992) was on experiments over a temperature range of 538 

20 to 40°C.   539 


13

CCO2 
= 

13
CCaCO3

 – ((11.98- (0.12*T))  (2) 540 

 where:  T = temperature in Celsius 541 

The values obtain using this equation are not used herein because the calculated 
13

CCO2 
542 

values at 40°C are significantly lower than those obtained from the other equations (Fig. 28).   543 

 544 
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Equation (3) is derived from curve ‘b’ of Figure 1 in Emrich et al. (1970). 545 

{(1000 + 
13

CCaCO3) / EXP[-7.762x10
-3

 + 5.244 x 10
-3

(1000/T)]} – 1000  (3) 546 

where:   T = temperature in Kelvin 547 

Equation (4), which comes from Chacko et al. (2001, Appendix 3, p. 76), is based on data in 548 

Chacko et al. (1991).               549 


13

CCO2 = {(1000 + 
13

CCaCO3) * EXP[(-0.10028 + 5.4173x – 2.5076x
2
 + 0.47193x

3
  550 

 – 0.049501x
4
 + 0.0027046x

5
 –  0.000059409x

6
)/1000]} - 1000

 
(4)

 551 

where:   x = 10
6
/T

2
   and T = temperature in Kelvin 552 

The values obtained from equation (3) Emrich et al. (1970) and equation (4) of Chacko et 553 

al. (2001) are close when a T of 25°C is used, and essentially identical when a T of 40°C is used 554 

(Fig. 28).   555 

Herein, the values obtained from the Chacko et al. (1991) equation are used because it was 556 

based on rigorous experimental and theoretical considerations.  For Group A, the 
13

CCO2 (PDB) 557 

ranges from –5.5 to –3.7‰ (average –4.6‰: = A(25)) if T is 25°C and from –8.9 to –2.1‰ 558 

(average –3.7‰: = A(40)) if a T of 40°C is used (Fig. 28).  For Group B, the calculated 
13

CCO2 559 

(PDB) ranges from –7.0 to –9.1‰ (average –7.8‰: = B(25)) if a T is 25°C and from –5.4 to – 560 

7.6‰ (average –6.3‰: = B(40)) if a T of 40°C is used (Fig. 28).  At both temperatures, the 561 

contrast in the 
13

CCO2(PDB) of Groups A and B is readily apparent (Fig. 28).  562 

6.3. Integration of O and C isotope interpretations 563 

Interpretations based on the stable 
 
isotopes suggest that the precipitates in Group A formed 564 

from thermogene water that had CT of 20–35°C, and possibly as high as 41°C (Fig. 27).  The 565 

stable isotopes for these friable limestones, which form the interior parts of the spring towers, 566 
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also plot along the same trend line that relates the precipitates from other springs in the Yunnan 567 

Province (Fig. 26).   Although the O isotopes from the harder limestones in Group B indicate 568 

precipitation from waters with similar temperatures to those in Group A, three samples yielded 569 

CT of 35 to 50°C, and possibly as high as 61°C (Fig. 27).  Nevertheless, these precipitates also 570 

formed from thermogene waters that had different 
13

CCaCO3 
isotopes signatures from those in 571 

Group A (Fig. 25).  The isotope values for Group B do not plot along the same trend line as 572 

defined for Group A and other spring deposits from Yunnan Province (Fig. 26).  573 

It has been argued that thermal waters in China are largely of meteoric origin because the 574 


18

O and D of these waters, including that from the modern springs at Shiqiang (Jones and 575 

Peng, 2016, their Fig. 14), all plot on the Global Meteoric Water Line (Zhou et al., 2009, their 576 

Fig. 2; Liu et al., 2015).  For the precipitates that form the spring towers at Shiqiang, the water 577 

temperatures derived from the 
18

O values and the calculated 
13

CCO2(PDB) values clearly indicate 578 

that those meteoric waters were modified before being ejected from the spring vents.  The high 579 

CT indicate heating at depth, probably as a result of deep-circulation and/or flow close to a 580 

magma chamber.  The 
13

CCO2(PDB) values may have been developed through interaction with 581 

CO2-rich thermal fluids, hydrolysis, decarbonisation of limestone, atmospheric CO2, or soil CO2 582 

(cf., Pentecost and Viles, 1994; Kele et al., 2003; Pentecost, 2005).  Based on the ranges of 583 


13

CCO2 given by Sharp (2007, his Fig. 7.2), more negative values would be expected if 584 

atmospheric CO2 or soil CO2 had interacted with the spring water.  The 
13

CCO2 
values derived 585 

from the precipitates in Groups A and B are, however, consistent with the range of CO2 values 586 

associated with volcanic gas samples and other deep-seated processes as given by Sharp (2007, 587 

his Fig. 7.2).  Irrespective of the exact cause of the 
13

CCO2
, the contrast in values derived from 588 
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the precipitates in Groups A and B indicate that subterranean conditions changed, possibly as a 589 

result of increased volcanic activity if it is accepted that volcanic CO2 gas may have been 590 

responsible for modification of the water. 591 

The contrast between the stable isotopes of Group A and Group B precipitates indicates 592 

that during growth and development of the towers there was a significant change in the processes 593 

that dictated precipitation.  For Group A, the high 
13

CCaCO3
 values and high 

18
OCaCO3 

values, 594 

relative to other spring deposits in Yunnan (Fig. 26), suggest that rapid CO2 degassing and 595 

evaporation may have underpinned precipitation.  The lower 
13

CCaCO3
 values for the precipitates 596 

in Group B suggest that the CO2 degassing was less important during their precipitation and that 597 

evaporation may have been more important (Fig. 26). 598 

7.  Discussion 599 

The spring towers known from a few localities worldwide are largely inactive.  Although 600 

their origin is still open to debate, Bargar (1978) suggested that the towers continue to grow until 601 

there is insufficient artesian pressure to continue lifting the water over the lip of the pool.  602 

Likewise, Dunzhujiacan and Wu (1985, their Fig. 128) noted that the “cones” will cease to grow 603 

once the spring water head is equal to its height and Scheuer and Schweitzer (1985, p. 397) 604 

argued that the height is controlled by “…the pressure conditions of the hydrodynamic regime 605 

associated with the springs.”  As such, these structures are self-limiting and the different heights 606 

of these structures, ranging up to 14 m (e.g., Liberty Cap, Yellowstone National Park; Bargar, 607 

1978) is largely a reflection of the variable artesian pressures found at different locations.  Being 608 

no more than 4 m high, the spring towers at Shiqiang obviously developed from waters with 609 

lower artesian pressures than those associated with the growth of towers that are up 13 m high in 610 

the Rongma area of Tibet (Gao et al., 2013, their Fig. 2), 7.1 m high in the Jifei area of China 611 
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(Liu et al., 2012, their Fig. 3), 7 m high in the Longma’er travertine (“Stone Forest”) of Tibet 612 

(Dunzhujiacan and Wu, 1985, their Fig. 128), and 4.8 m in the “Travertine Totem Forest” of 613 

Yellowstone National Park (Hutchinson and Thompson, 1992).  Today, most spring towers are 614 

inactive.  At some localities, such as Jifei, there are isolated towers that have minor amounts of 615 

hot water emerging at their top but with no associated precipitation (Liu et al., 2012).  The spring 616 

towers at Shiqiang are now inactive and there does not appear to be any historical accounts that 617 

provide any information pertaining to their history.  Thus, the time when they were active is 618 

unknown.  At Jifei, ~ 115 km SE of Shiqiang, Liu et al. (2015) suggested that most of the 619 

travertine formation took place 10,000 to 20,000 years ago.  Similarly, Gao et al. (2013) argued 620 

the spring towers in the Rongma, Tibet formed between 11,500 and 4600 years ago, when the 621 

climate was warmer and wetter than today. 622 

At Shiqiang, determination of the environmental conditions that existed when the spring 623 

towers were active is complicated because of the anthropogenic modifications that took place 624 

when the northwest part of the area was developed for tourism.  Man-made lakes were formed 625 

when container walls and elevated pathways were constructed around most of the towers (Fig. 626 

2A).  Without that construction, the present-day lakes would not exist.  The spring towers located 627 

in the farmer’s field in the southeast part of the site (Fig. 1C) are on dry land and there is no 628 

direct evidence that they were ever partly or fully submerged by lake water (Fig. 2A, B).  For the 629 

mushroom-shaped towers in the northwest lake, it could be argued that the base of the cap was 630 

the water level that existed when the towers were active.  With this scenario, the “stem” would 631 

have formed under water (or perhaps sediment) whereas the “cap” grew above water level.  632 

Unusual mushroom-shaped speleothems in Santa Catalina Cave, Cuba, which are up to 2.5 m 633 

high and 90 cm in diameter have a distinct stipe (stem) and cap (Bontognali et al., 2016).  These 634 
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complex structures, which may have been microbially mediated, reflect progressive changes in 635 

the depositional history of the cave such that (1) a stalagmite that formed while the cave was dry, 636 

(2) the stalagmite was covered by calcite rafts and a mammalated coating when the cave was 637 

submerged, and (3) the cap formed as water level oscillated up and down (Bontognali et al., 638 

2016).  The fact that the tops and bases of the caps are all at the same level supports the notion 639 

that their growth was controlled by oscillating water levels.  Although the mushroom-shaped 640 

spring towers at Shiqiang are superficially similar in morphology, the bases of the “caps”, as 641 

evident from two towers shown in Figures 3B and 3C, are at different levels.  Thus, with the 642 

evidence currently available, it is impossible to know the significance of the base levels of the 643 

“caps” that exist on some of these towers.  The spring towers exposed in the farmer’s field have 644 

parallel sides and there is no evidence of mushroom shapes (Fig. 3A, B).  Herein, the spring 645 

towers are considered to have developed entirely on land.   646 

Calculated water T based on the 
18

OCaCO3 
must be treated with caution because it assumes 647 

that the precipitates formed in isotopic equilibrium with the parent waters, and that the modern 648 

spring water is a good analog for the spring waters from which the towers developed.  Such 649 

caution is warranted given that the CT for precipitates around the two modern springs (S1 and 650 

S2) does not match to the MT of the modern spring water (Jones and Peng, 2016).  Nevertheless, 651 

the calculated temperatures derived from the precipitates in the spring towers indicate that the 652 

parent waters associated with the towers were warm to hot, rather than cold.  The 
13

CCO2
, as 653 

derived from the
 


13
CCaCO3

, indicates that the spring water had a thermogene signature (as 654 

defined by Pentecost, 2005). Combined, these data indicate that the springs were fed by meteoric 655 

waters that had been heated at depth with modification of the CO2, possibly as a result of 656 

interaction with volcanic CO2 gases.  657 
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 From a petrographic perspective, the development of ST1 at Shiqiang involved Phase I-A 658 

and I-B that resulted in construction of the tower, Phase II that involved precipitation of white 659 

cements in the cavities throughout the tower, and lastly, Phase III that involved precipitation of 660 

needle-fibre calcite and calcification of some of the microbes that invaded the tower.  A 661 

recurring theme with Phases I and II is the alternation between calcite and aragonite 662 

precipitation.  Establishing the conditions that lead to the precipitation of these two polymorphs 663 

in spring environments has long been the subject of considerable debate (e.g., Meigen, 1901; 664 

Suganuma, 1928; Kitano, 1962a, 1962b; Folk, 1994).  Peng and Jones (2013) and Jones and 665 

Peng (2014d, 2014b), based on analyses of various spring deposits in Yunnan Province, 666 

suggested that precipitation of aragonite and calcite may be controlled by relatively minor 667 

fluctuations in saturation levels that are related to microbial activity and/or the rate of CO2 668 

degassing.  Irrespective of the actual cause, it is difficult to ascribe the precipitation of these two 669 

polymorphs to specific large scale variables such as water T, as suggested by Folk (1994).  Jones 670 

and Peng (2016) reached the same conclusion for the intimately associated aragonite and calcite 671 

associated with the two active springs (S1, S2 – Fig. 1C) at Shiqiang. 672 

The Phase I-A friable, porous limestones that form the core of ST1 are constructed of 673 

delicate, randomly branching crystal bushes that are formed largely of aragonite and calcite 674 

(Figs. 4, 5).  The delicacy of these bushes (Fig. 4A, B) raises the possibility that their growth 675 

may have been mediated by microbes and their associated biofilms.  Despite extensive searching 676 

of numerous samples, no direct evidence of microbial involvement was found.  Hence, a 677 

microbial origin for the towers cannot be demonstrated.  Dissolution of some of the aragonite 678 

and calcite in these bushes (Figs. 5B-H, 23) offers testimony to ever changing fluids that through 679 

time mediated both precipitation and dissolution of aragonite and calcite. 680 
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The hard, low porosity limestones found around the vents at the top of ST1 and the upper 681 

parts of the tower may have formed during the waning stages of spring activity.  This probably 682 

occurred when the height of the tower was approaching the maximum height of water evulsion 683 

that was controlled by the artesian pressure.  Alternatively, this change may have been triggered 684 

by a decrease in the artesian pressure that caused a significant change in water flow from the 685 

spring vent.  It is clear from the stable isotopes of these precipitates that the isotopic composition 686 

of the spring water had changed (Figs. 25, 26, 28), largely as a result of the 
13

C becoming more 687 

depleted.  Irrespective of the underlying cause, this change was accompanied by a Fe-enrichment 688 

of the spring water, as is evident from the reddish hues of the precipitates that formed during this 689 

phase.  The fact that the coated grains and some of the calcite crystals are characterized by the 690 

alternating zones of iron-rich calcite and iron-poor calcite indicates that the Fe content of the 691 

spring water varied over short periods of time.  692 

Conspicuous white cements, formed largely of alternating calcite and aragonite, are 693 

common throughout the friable limestones in ST1 (Figs. 3C, D, 13).  Locally, the aragonite 694 

passes laterally and vertically into strontianite (Fig. 16).  Although rare, strontianite has been 695 

reported from deposits in Miette Hot Springs in Canada (Bonny and Jones, 2003), spring 696 

travertines in the Songwe River valley in Tanzania (Pisarskii et al., 1998), and cave deposits in 697 

the U.S.A. (Hill and Forti, 1997), Spain (Fernández-Rubio et al., 1975), and Iran (Calaforra et al., 698 

2013).  The SrCO3 – CaCO3 solid solution series, which can produce an isomorphic series 699 

between aragonite and strontianite, may have up to 25 mol % Ca and 5% Ba substituted in the 700 

strontianite (Speer and Hensley-Dunn, 1976; Radha and Navrotsky, 2013), as is the case with the 701 

strontianite found in the Shiqiang deposits (Fig. 16).  Strontianite precipitation takes place when 702 

the parent water has a high Sr/Ca ratio (Helz and Holland, 1965), which can be achieved by (1) 703 
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the preferential solution of celestite, (2) the preferential solution of barite, and/or (3) 704 

recrystallization of aragonite to calcite (Helz and Holland, 1965).  Caloforra et al. (2013) 705 

suggested that strontianite precipitation in Serizjan Cave (Iran) required a high Sr/Ca ratio in the 706 

rising thermal waters that had, along their flow path, dissolved gypsum and celestine.  By 707 

analogy, this suggests that the spring waters at Shiqiang must have periodically experienced an 708 

increase in their Sr/Ca ratio by enrichment in Sr and/or depletion in Ca.  The source of the Sr is 709 

unknown because the subsurface geology of the Shiqiang area is unknown. 710 

Mg-Si reticulate coatings are commonly associated with the calcite, aragonite, and 711 

strontianite of Phase II (Fig. 18, 19).  The origin of these distinctive reticulate precipitates, also 712 

known from springs in China (Jones and Peng, 2014d), Kenya (Casanova and Renaut, 1987; 713 

Jones and Renaut, 1996b, 1996a), New Zealand (Jones et al., 2003), remains a matter of debate 714 

(Jones and Peng, 2014d).  Nevertheless, they are a record of times when the spring waters carried 715 

sufficient Mg and Si to allow formation of these precipitates.  Precipitation of the strontianite and 716 

the Mg-Si reticulate coatings collectively point to periods when the spring waters became 717 

enriched with Sr, Mg, and/or Si. 718 

Phase III diagenesis, which probably developed after the springs had ceased to function, is 719 

characterized by cements and calcified microbes that coat the walls of the cavities, irrespective 720 

of the type and age of the precipitates that form them.  Needle-fiber calcite cement, characterized 721 

by diverse and complex crystal forms (Jones and Peng, 2014a), forms dense mats that coat and 722 

completely mask the underlying substrates (Fig. 21).  The fact that they cover all types of 723 

substrates indicates that they are one of the youngest components in the towers.  This phase of 724 

activity also involved a wide variety of microbes, diatoms, and insects (Fig. 22).  Indeed, 725 

microbial activity during Phase III appears to have been far greater than during Phases I and II. 726 
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Although many of the microbes show no evidence of calcification (Fig. 22B, C), others are 727 

extensively calcified (Fig. 22G-K).  Examples include Scytonema julianum that is covered with 728 

complex, 3-dimensional dendrites (Jones and Peng, 2014c), and reticulate filaments (Fig. 22I).  729 

The fact that some of these insects and microbes are locally entwined with the needle-fibre 730 

calcite mats indicates that they all developed at the same time within the confines of the spring 731 

tower (Fig. 22C).  Borings in some of the calcite crystals by filamentous microbes (Fig. 22L-N) 732 

probably formed at the same time. 733 

8. Conclusions 734 

  Integration of field observations, detailed petrographic data, and isotopic signatures of the 735 

spring towers found at Shiqiang in Yunnan Province, China, has led to the following 736 

conclusions: 737 

 Although the age of the spring towers is not known, they must have developed when 738 

artesian pressure, higher than it is today, resulted in spring water being ejected to many 739 

meters above ground level.  This may have been related to a time period when rainfall was 740 

higher than it is today. 741 

 The spring towers evolution involved three distinct phases: (1) Phase I (A and B) that 742 

primarily involved the construction of the tower through the precipitation of crystal bushes 743 

formed of calcite and aragonite (Phase I-A) and later, calcite that was commonly Fe-rich; 744 

(2) Phase II that led to the precipitation of cements (calcite, aragonite, strontianite, Mg-Si 745 

reticulate coatings) in pores in the Phase I precipitates, and (3) Phase III that involved the 746 

precipitation of mats of needle-fibre calcite crystals that coated all of the earlier formed 747 

substrates and was accompanied by an infestation of microbes (commonly calcified), 748 

diatoms, and insects. 749 
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 Calcite and aragonite precipitation was probably not in isotopic equilibrium with the spring 750 

water.  Nevertheless, CO2 degassing along with some evaporation of the water was 751 

probably responsible for the precipitates in Group A.  By comparison, Group B precipitates 752 

seem to have developed after CO2 degassing had decreased and evaporation had become 753 

more important. 754 

 Temporal variations in saturation levels with respect to calcite and aragonite led to the 755 

alternation between periods of precipitation and dissolution of calcite and aragonite.  At 756 

other times, aragonite was transformed to calcite. 757 

 Temporal variations in the trace element content of the spring waters led to the 758 

precipitation of Fe-rich calcite as the amount of Fe increased, strontianite as the Sr/Ca ratio 759 

increased, and Mg-Si reticulate coatings as the Mg and Si content increased. 760 

 Interpretation of the 
18

O and 
13

C suggests that spring water was of meteoric origin and 761 

was heated at depth with modification of its 
13

C signal and would, therefore, qualify as a 762 

thermogene spring according to the classification of Pentecost (2005). 763 
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 976 
FIGURE CAPTIONS 977 

Fig. 1.  Location of study area. (A) Map showing location of Tengchong in western China, which 978 

is the closest city to the study area. (B) Location of Shiqiang (Stone Wall) and other spring 979 

sites around Tengchong. (C) Detailed map of Shaqiang (based on Google Earth and field 980 

mapping) showing location of spring towers (red). Samples used in this study came from 981 

ST1, ST2, and ST3. 982 

Fig. 2. Spring towers in lake in northwest corner of Shiqiang (see Fig. 1C). (A) General view to 983 

southwest showing inactive spring towers, now overgrown with vegetation, in man-made 984 

lake. (B) View of cone-shaped tower with vent at apex. (C) View of mushroom-shaped 985 

tower with vent at apex. Sampling of these vents was not permitted. 986 

Fig. 3. Spring towers in southeast part of Shiqiang. (A) General view of ST1 (see Fig. 1C), 987 

which is now inactive and covered with moss. Grass is rooted in soil that fills vent at apex. 988 

(B) General view of ST2 (see Fig. 1C) showing tree growing in soil that fills vent at top. (C) 989 

General view of lower side of ST1 showing alternating grey and orange layers. Note white 990 

precipitates in cavities. (D) Enlarged view of white precipitates (calcite and aragonite) partly 991 

filling open cavities. (E) View of small open, accessory vent near apex of ST1. 992 

Fig. 4.  Thin section photomicrographs showing general architecture of columns that characterize 993 

Phase I-A precipitates in ST1. Note lack of common pattern in the branching. A = aragonite; 994 

C = calcite. Blue = porosity. A-C and E with plane polarized light. (A) Column growing 995 

from round nucleus at base (possibly cross-section of poorly preserved twig), formed largely 996 

of calcite but with some aragonite. ST1, ~ 0.5 m above base. (B) Basal part of large column 997 

constructed of smaller columns that are formed of aragonite and calcite. White letter C 998 

indicates position of panel C. Base of ST1. (C) Enlarged view of column base showing 999 
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aragonite fans overlain by calcite. Base of ST1. (D) Same view as panel C but with cross 1000 

polarized light. (E) Aragonite fan on top of calcite.  1001 

Fig. 5. SEM photomicrographs of columns that characterize Phase I precipitates in ST1 and ST2 1002 

(see Fig. 1C). (A) Array of irregular columns. ST1, ~ 0.6 m above base. White letter B 1003 

indicates position of panel B. (B) Enlarged view of columns, showing irregular morphology. 1004 

(C) General view of columns. ST1, ~ 0.5 m above base. White letter D indicates position of 1005 

panel D. (D) Interior of column formed of leached calcite. White letter E indicates position 1006 

of panel E. (E) Leached calcite from interior part of column. (F) Cross-section through 1007 

vertical branch showing highly porous, leached calcite interior encased by thin calcite wall. 1008 

ST1, 0.65 m above base. (G) Cross-section through two small columns with hollow 1009 

interiors. White letter H indicates position of panel H. ST2, ~ 0.3 m above base. (H) 1010 

Leached interior and outer calcite wall.  1011 

Fig. 6. Thin section photomicrographs showing relationships between the calcite and Fe-rich 1012 

precipitates. (A) Alternating laminae of calcite with Fe-dendrites (white layers) and Fe-rich 1013 

laminae (dark brown layers). Sample from side vent near top of ST1. Plane polarized light. 1014 

(B) Laminae formed of Fe-dendrites (dark brown to black) embedded in calcite (white). 1015 

Upper part of ST1, around main vent. Plane polarized light. (C) Same view as panel B but 1016 

with crossed polarized light.  1017 

Fig. 7. SEM photomicrographs of Fe precipitates associated with calcite in ST1 and ST2. (A) 1018 

Clusters of needle-shaped Fe-rich crystals nestled between calcite crystals. ST1, 0.6 m 1019 

above base. 8A and 8B indicate positions of EDX analyses shown in Fig. 8A, B, 1020 

respectively. (B) Calcite crystal surrounded by Fe-rich crystals. ST1, 0.6 m above base. (C) 1021 

Calcite crystals with numerous open round to ovate bodies defined by Fe-rich crystals. ST1, 1022 



 48 

0.65 m above base. 8C and 8D indicate positions of EDX analyses shown in Fig. 8C, D, 1023 

respectively. (D) Hollow spheres with walls formed of Fe-rich crystals. ST1, 0.65 m above 1024 

base. (E) Cluster of laminated spheres formed of Fe-rich precipitates. ST2, ~0.1 m above 1025 

base. (F) Cluster of hollow spheres formed of Fe-rich precipitates. ST2, ~0.1 m above base. 1026 

Fig. 8. EDX analyses from calcite and Fe-rich precipitates shown in Figure 7A (A and B) and 7C 1027 

(C and D), respectively.  1028 

Fig. 9. Thin section photomicrographs of zoned calcite crystals with alternating Fe-rich (brown) 1029 

and Fe-poor (white) zones. Blue = porosity. All with plane polarized light. All from ST2, ~ 1030 

0.2 m above base. (A) General view of zoned calcite crystals held in spar calcite cement. (B) 1031 

Group of zoned euhedral calcite crystals held in Fe-rich calcite cement. (C) Zoned euhedral 1032 

calcite crystal with partly leached interior (blue).  1033 

Fig. 10. SEM photomicrographs of partly leached calcite crystals. All from ST1, 0.6 m above 1034 

base. (A) Zoning in calcite crystal accentuated by dissolution of some zones. (B) Zoned 1035 

calcite crystal with dissolution of some zones. (C) Zoned calcite crystals with selective 1036 

dissolution of some zones. 1037 

Fig. 11. Thin section photomicrographs of coated grains from ST1. All with plane polarized 1038 

light. Blue = porosity. Coated grains in panels A-E and H-I came from pool deposits around 1039 

main vent at top of ST1. Coated grain shown in panels F and G is isolated specimen from 1040 

precipitates at tower base. (A-E) Coated grains with variable architectures defined by 1041 

aragonite and Fe-rich cortical laminae (brown). (F, G) Coated grain formed of alternating 1042 

calcite and Fe-rich laminae. Isolated specimen found among calcite columns at base of ST1. 1043 

Panel G is enlargement from upper right quadrant of coated grain shown in panel F. (H, I) 1044 
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Fe coated grains from deposits around main vent of ST1. Panel I, which is an enlargement 1045 

of central part of panel H, shows details of cortical laminae. 1046 

Fig. 12. Thin section photomicrographs of calcite rafts from pool deposits around main vent of 1047 

ST1. All with plane polarized light. (A) Group of rafts with calcite on underside (top rafts) 1048 

or both sides (bottom raft). (B) Group of rafts, each with calcite crystals growing from all 1049 

sides. White letter C indicates position of panel C. (C) Ends of rafts showing calcite crystals 1050 

radiating outwards from all surfaces. 1051 

Fig. 13. Thin section photomicrographs of Phase II precipitates, all with plane polarized light 1052 

except for panels E and H. Panels A, B, D, and E from sample from close to top vent; panel 1053 

C from sample from basal part of tower; panels F-H from sample ~ 0.25 m below top vent. 1054 

Blue = porosity. (A) Cavity lined with isopachous calcite cement. (B) Cavities filled with 1055 

aragonite cements. (C) Cavity filled with laterally linked aragonite fans. (D) Linked 1056 

aragonite fans in bottom part of cavity overlain by calcite cement. (E) Same view as panel D 1057 

but with crossed polarized light. (F) Cavity with linked aragonite fans at base. (G) Enlarged 1058 

view from central part of panel F showing laterally linked aragonite fans. Note color 1059 

contrast between inner and outer parts of the fans. (H) Same view as panel G but with 1060 

crossed polarized light. 1061 

Fig. 14. SEM photomicrographs of Phase II aragonite and associated precipitates. Panels A and 1062 

B from basal part of ST1; C and D from around vent pool, upper part of ST1, and E and F 1063 

from basal part of ST3. (A) Oblique view of aragonite fan showing radiating crystals. (B) 1064 

Enlarged view of upper right corner of panel A showing distal parts of aragonite crystals. 1065 

(C) Cross-sections through cluster of aragonite crystals. (D) Oblique view of crystal faces of 1066 

aragonite crystals with zig-zag suture lines (arrows) that are indicative of cyclic twinning. 1067 
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(E) Upper part laterally merged aragonite fans overlain by thin layer formed of fibrous 1068 

crystals. 15A and 15B indicate positions of EDX analyses shown in Figure 15A and B, 1069 

respectively. (F) Enlarged view of fibrous crystals that form thin layer shown in panel E. 1070 

EDX analyses show that they are formed of Ca and Sr (Fig. 15B) whereas the underlying 1071 

aragonite crystals are formed of Ca. 1072 

Fig. 15. EDX analyses of points 15A and 15B shown in Figure 14E. The high Sr and low Ba 1073 

peaks for 15B indicate that the fibrous crystals are strontianite.  1074 

Fig. 16. SEM photomicrographs showing aragonite, strontianite, and associated precipitates that 1075 

form part of the Phase II cements. Sample from basal part of ST3. Panels B, E, F, and H are 1076 

BSE images with the dark bands formed of Ca and light bands formed of Ca, Sr, and Ba. 1077 

(A) General view of precipitates showing locations of EDX analyses shown in Figure 17A 1078 

and 17B and area shown in panel B (white box labeled B). (B) BSE image showing contrast 1079 

between aragonite (dark) and zones with high Ca, Sr, and Ba content. White letters E and G 1080 

indicate position of panels E and G, respectively. (C) Outer part of crust formed of 1081 

intercalated aragonite and strontianite. White letter D indicates position of panel D. (D) 1082 

Enlarged view of crust showing locations of EDX analyses shown in Figure 17C, 17D, 17E. 1083 

(E, F) SEM views of outer crust shown in panel B. Panel F is BSE image with dark colored 1084 

bands being formed of Ca and the light colored bands containing Ca, Sr, and Ba. (G, H) 1085 

SEM and BSE image of outer crust shown in panel B with BSE image highlighting zones 1086 

with high content of Ca, Sr, and Ba. Panel G shows locations of EDX analyses shown in 1087 

Figure 17F to K. 1088 

Fig. 17. EDX analyses of spots shown in Figure 16. 1089 
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Fig. 18. SEM photomicrographs of reticulate Mg-Si coatings associated with Phase II aragonite 1090 

cements like those shown in Fig. 13C, D, and F. Sample from lower part of ST1. C = calcite. 1091 

(A) Reticulate Mg-Si coating covering aragonite substrate. Note calcite crystals on top of 1092 

the reticulate coating. 19A indicates position of EDX analysis shown in Figure 19A. (B) 1093 

Enlarged view of reticulate coating. White letter C indicates position of panel C. (C) Calcite 1094 

cement filling voids between Si-Mg plates in the Mg-Si reticulate coating. (D) Cavity lined 1095 

with complex succession of Mg-Si reticulate coatings. White letter E indicates position of 1096 

panel E. (E) Two layers of reticulate Mg-Si coating with second layer showing plate-like 1097 

form of the coating. 19B indicates position of EDX analysis shown in Figure 19B. (F) 1098 

Oblique view of reticulate coating. 19C indicates position of EDX analysis shown in Figure 1099 

19C. (G) Isolated masses of Mg-Si reticulate coating on top of aragonite cement. White H 1100 

indicates position of panel H. 19D indicates position of EDX analysis shown in Fig. 19D. 1101 

(H) Enlarged view of reticulate coating shown in panel G. 19E indicates position of EDX 1102 

analysis shown in Fig. 19E. (I) Broken sections through Mg-Si reticular coatings. 19F, 19G, 1103 

and 19H indicate positions of EDX analyses shown in Figure 19G, H, and I, respectively. 1104 

Fig. 19. EDX analyses of points shown in Figure 18. 1105 

Fig. 20. SEM photomicrographs of late stage calcite cements associated with Phase III 1106 

precipitation. These cements lie on top of aragonite cement. All samples from lower part of 1107 

ST1. (A) General view of cement formed of nested trigonal calcite crystals. (B) Enlarged 1108 

view of surface of cement shown in panel A showing nested trigonal calcite crystals. (C, D) 1109 

Oblique view of vertical fracture through calcite cement formed of upward expanding 1110 

clusters of nested trigonal crystals. (E, F) Unattached euhedral dodecahedral calcite crystals, 1111 

with beveled crystal edges, resting on top of earlier formed aragonite and/or calcite cements.  1112 
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Fig. 21. (A) Surfaces of columns covered with needle-fiber calcite crystals that formed during 1113 

phase III precipitation. (B) Densely packed needle-fiber crystals of various morphologies 1114 

that completely disguise the host substrate.  1115 

Fig. 22. SEM photomicrographs showing micro-organisms, insects, calcified filamentous 1116 

microbes, and microborings associated with Phase III. (A) Non-calcified filamentous 1117 

microbe. Base of ST3. (B, C) Non-calcified filamentous microbes interwoven with needle-1118 

fiber calcite crystals. ~ 0.65 m > base of ST1. (D) Diatom frustules. Near top of ST1. (E) 1119 

Well-preserved euglypharid with calcareous plates. Base of T3. (F) Insect lodged between 1120 

calcite crystals. ~ 0.5 m > base of ST1. (G, H) Calcified Syctonema julianum. ~ 0.25 m 1121 

below top of ST1. (I) Calcified reticulate filament. ~ 0.6 m > base of ST1. (J, K) Calcified 1122 

filaments. ~ 0.5 m > base of ST1. (L-N) Microborings in calcite crystals. Note remnants of 1123 

formative microbes in borings in panel N. 1124 

Fig. 23. Thin section photomicrographs showing partial dissolution of aragonite and calcite that 1125 

forms parts of the columns. All with plane polarized light. Blue = porosity. (A) Aragonite 1126 

fan in basal part of column with interior that has been largely lost due to dissolution. ST1, 1127 

0.5 m above base. (B) Neighboring aragonite fans from basal part of column showing 1128 

irregular and varied degrees of internal dissolution. ST1, 0.5 m above base. (C) Vertical 1129 

cross-section through column showing internal calcite crystals with hollow cores. Crystals 1130 

held in spar calcite cement (white). ST1, 0.6 m above base. (D) Cross-section through 1131 

column formed largely of extensively leached crystals. ST1, 0.6 m above base. (E) Cluster 1132 

of hollow euhedral calcite crystals from central part of a column. ST1, base of tower.  1133 

Fig. 24. SEM photomicrographs showing alteration of Phase II aragonite cements. A-E from 1134 

sample at base of ST1; panels F-L from sample from base of T3. (A) General view of 1135 
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surface of laterally linked lobes formed of aragonite needle cement. (B) Vertical cross-1136 

section through aragonite cement shown in panel A. Note bundles of radiating crystals that 1137 

at low-magnification appear to be formed of aragonite. White letter C indicates position of 1138 

panel C. (C) Enlarged view of cement shown in panel B. White letters D and E indicate 1139 

positions of panels D and E, respectively. (D) Lower part of cement, from panel C, that is 1140 

formed of very small, loosely interlocking crystals that are < 1 µm long. (E) Upper part of 1141 

cement shown in panel C. Note increased porosity in uppermost part of crust. (F) General 1142 

view of radiating aragonite (?) crystals. White letter G indicates position of panel G. (G) 1143 

Enlarged view showing interlocking irregular-shaped crystals. (H) Cross-section through 1144 

aragonite (?) cement with growth line. Different part of sample from that shown in panel F. 1145 

White letter I indicates position of panel I. (I) Enlarged view from panel H showing small 1146 

constituent crystals. White letter J indicates position of panel J. (J) Enlarged view of 1147 

constituent crystals. (K) Groups of aragonite (A) crystals encased by calcite (C). (L) 1148 

Aragonite crystals (A) with no evidence of alteration embedded in calcite (C). 1149 

Fig. 25. Bivariant graph showing relationships between 
18

OSMOW and 
13

CPDB for samples from 1150 

ST1, ST2, and ST3 relative to samples from the two modern springs S1 and S2 (from Jones 1151 

and Peng, in press). Note samples from the towers plot into two distinct groups, largely on 1152 

the basis of significant differences in their 
13

CPDB values. The numbers indicate the position 1153 

of the samples in each tower and B (brown) and W (white) refers to the color of the sample 1154 

in the hand sample, which corresponds to Phase I and Phase II precipitates, respectively. 1155 

Fig. 26.  Comparison of the 
18

OSMOW and 
13

CPDB for samples from the spring towers at 1156 

Shiqiang relative to spring deposits elsewhere in the Yunnan Province (data from Jones and 1157 

Peng, 2012, 2014d, 2014b, in press) and the Kenyan Rift Valley (data from Renaut and 1158 
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Jones, 1997).  Note that Group A from Shiqiang plots along the same trend line as for the 1159 

other springs in Yunnan whereas Group B from Shiqiang does not follow that trend line. 1160 

Fig. 27. Comparison of water temperatures calculated from 
18

O using the equations of 1161 

Anderson and Arthur (1983), Hays and Grossman (1991), Kim and O’Neil (1997), O’Neil et 1162 

al. (1969), and Chacko and Deines (2008).  All calculations used a 
18

O(water) value of -11‰, 1163 

which is the value derived from the waters from the modern spring S1 and S2 by Jones and 1164 

Peng (2016). 1165 

Fig. 28. Comparison of 
13

CPDB in carrier  CO2 as determined from the equations by Panichi and 1166 

Tongiorgi (1976), Romanek et al. (1992), Emrich et al. (1970), and Chacko et al. (2001). 1167 

Values derived from the Chacko et al. (2001) equation, stressed by the large green circle, are 1168 

the ones used in this study. 1169 
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 – 0.1 m above base

Modern deposits

Tower deposits

Sample location in ST1

Br = Brown 

Wh = White

Group A

Group B1

Group B2

Modern

Springs
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Gongxiaoshe

Shuzhishi
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Jifei
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10 20 30 40 50 60

Temperature (°C)

G
R

O
U

P
 A

G
R

O
U

P
 B Group B2

Group B1

ST1-14
White C A

ST1-11
Brown C A

ST1-14
Brown C A

ST1-15
Brown C A

ST1-15
White C A

ST1-16
Brown C A

ST1-17
Brown C A

ST1-17
White C A

ST1-18
Brown C A

ST1-18
White C A

ST1-19
Brown C A

ST1-19
White C A

ST1-20
Brown C A

ST1-20
White C A

ST1-10
Brown C A

ST1-12
Brown C A

ST1-21
Brown

C AST1-21
White

C A

ST2-2A C A

ST2-2
Brown C A

ST2-2C C A

ST2-3 C A

ST2-3A C A

ST1-13
White C A

ST1-16
White C A

C Aragonite

Anderson & Arthur (1983)

Hays & Grossman (1991)

Kim & O’Neil (1997)

O’Neil et al. (1969)

Chacko & Deines (2008)

ACalcite

Kele et al. (2007)

Coplen (2007)



-9-10 -8 -7 -6 -5 -4 -3 -2 -1 0

ST1-11
Brown

25°C
40°C

ST1-14
White

25°C
40°C

ST1-14
Brown

25°C
40°C

ST1-15
Brown

25°C
40°C

ST1-15
White

25°C
40°C

ST1-16
Brown

25°C

40°C
G

R
O

U
P

 A

ST1-16
White

25°C

40°C

ST1-17
Brown

25°C
40°C

ST1-17
White

25°C
40°C

ST1-18
Brown

25°C
40°C

ST1-18
White

25°C
40°C

ST1-19
Brown

25°C

40°C

ST1-19
White

25°C

40°C

ST1-20
Brown

25°C

40°C

ST1-13
White

ST1-20
White

25°C
40°C

25°C

40°C

ST1-21
Brown

25°C

25°C
40°C

ST1-21
White

G
R

O
U

P
 B

ST1-10
Brown

25°C
40°C

40°C

ST2-2A 25°C
40°C

ST2-2B
25°C

40°C

ST2-2C 25°C
40°C

ST3 25°C
40°C

ST3
25°C

40°C

ST1-12
Brown

25°C
40°C

Panichi & Tongiorgi (1976)

Romanek et al. (1992)

Emrich et al. (1970)

Chacko et al. (1991)

δ13C
(PDB)

 in Carrier CO
2




