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Introduction.

This paper is one of a number of papers discussing the possible mechanism or
mechanisms explaining the existence of the Ningwu ice cave in Shanxi Province on the slopes of
the mountains on the south side of the Hexi Corridor (Meng et al., 2004; Gao et al., 2005; Meng
et al., 2006; Shi and Yang, 2014; Yang and Shi, 2015). This cave is also sometimes referred to
as the Luyashan ice cave (State Council, 2015), and has been known to the local population for a
very long time. Villagers used to come there to take ice when there was a shortage of water
(Sukha, 2014), as well as to cool their body temperature when they had a fever. Subsequently,
the cave has been developed commercially like many of the numerous karst caves elsewhere in
China, e.g., near Guilin.

Before the scientists visited the cave, the entrance below the cave had been modified
(Yang and Shi, figure 1c), a corridor had been developed to access the base of the massive ice,
stairs had been installed rising in a spiral upwards for most of the 80 m height of the cavern
(Yang and Shi, figure 1d), one or more budhas had been carved in the rock, and coloured lights
had been installed throughout the cave. Thus the original condition of the cave prior to these
modifications is unknown and may be difficult to determine.

The Ningwu Cave is the largest of the known Chinese ice caves and is situated along the
mountain slopes south of the Hexi Corridor. It also contains the greatest amount of ice among
the small number of known ice caves in China. The small number is largely due to the low
latitude where the caves are found and the effects of the East Asia Monsoon in summer. The
currently held origin of the Ningwu ice cave is that it accumulated glacier ice in the “Early
Pleistocene”, and is regarded as being more than 3 million years ago (Meng et al., 2006). This
follows the concept of Han (2004), who interpreted the vertical cave as being a moulin mill
eroded into bedrock beneath a glacier. As such, it has been regarded as the potential repository
for valuable palaeoclimatic and palaeoenvironmental information for the region during this span
of time. As a result, the Ningwu ice cave (Wanniandong in Chinese) was made a National Geo-
park in 2005, and subsequently a national AAAA tourism location in March, 2011. The models
in the papers by Shi and Yang (2014) and Yang and Shi (2015) attempt to explain why the ice
persists today using limited information regarding the true shape of the cave, and the mean



annual air and ground temperatures at the site. Essentially, they model possible reasons for the
persistence of the ice, assuming that the ice can be treated as a form of permafrost.

Weaknesses in the current interpretation

There are several potential or actual problems with the current interpretation, some of
which can readily be solved, while others need much more work. They are best dealt with
separately below, but include a re-examination of the age of the formation of the ice.

1. The geometry of the cave

In North America, we are fortunate because the Speleologists almost always map the
cave geometry very accurately (Halliday, 1954; Thompson, 1976). This enables studies of the
temperature regime in the ice caves to be carried out with excellent geometric control, e.g.,
Harris (1979) and Dickfoss et al. (1997). When continuous data on the air temperature outside
and inside the cave is available, it is possible to study the actual temperature regime and
associated processes occurring inside the cave. The temperature regime varies with the past
temperature history of the cave, the amount of air diffusion into the cave, the number of
entrances, the geometry of the cave, and the presence or absence of air or water entering the cave
along open joints and cracks. Unfortunately, the available data provided by a magnetotelluric
survey of the Ningwu ice cave (Shao et al., 2007) consists of data on the vertical cross-section of
the cave, but there is no data provided on the relationship of the passage beneath the cave to the
85 m vertical chamber. The cross-section provided in Figure 1b of Yang and Shi (2015)
suggests that there is also a vertical entrance above the chamber to the outside, but no detailed
information is provided about its dimensions, nor whether it is open throughout the year.
Enlarging the diagram, the upper entrance appears to be about 4-5 m wide and cylindrical, i.e., it
is large enough to allow large quantities of summer monsoon rain and winter snow to enter the
top of the cave. This information is critical when considering the validity of their model and
their proposed mechanisms.

2. Mean annual air temperature.

It is very dangerous to take the mean annual air temperature from a site at a lower
elevation and apply a standard lapse rate to correct the value without considering the
environmental conditions at the two sites. The Ningwu ice cave is situated in a dense larch forest
on a steep, north-facing slope of a mountain. The weather station used is situated at a lower
elevation where the natural vegetation is probably steppe grassland at an elevation close to the
average height of the semiarid floor of the Hexi Corridor. No data is provided as to the slopes
and vegetation around the sites.

As was pointed out by Kudryavtsev et al. (1974), there are thermal offsets at all
boundaries affecting the amount of incoming solar radiation that is actually transferred to the
ground. The total thermal offset consists of the sum of the offsets at the top of the forest canopy,
the underlying shrub layer, the herb layer, any mosses and/or lichens, the litter layer, the soil



organic layer, and the underlying mineral layer. In winter, the snow cover is an additional
seasonal complication, while the amount and temperature of summer precipitation and/or
overland flow further complicate the total thermal offset. Slope and aspect are also important.
The weather station at lower elevations has a different vegetation cover, slope and microclimate
to the forest, so that there is likely to be a significant error in the value used in the calculation.
To further make the point, Figure 1 shows the results of plotting mean annual ground and air
temperatures against one another for sites in Canada and Norway. There is at least a 10°C
difference found at some sites, and the ground temperature is usually noticeably lower than the
air temperature.
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Figure 1. Mean annual ground surface and air temperatures for sites in areas overlying or close
to permafrost in Canada and Norway (modified from Harris, 1981a).

Accordingly, the interpretation of the authors appears to be suspect. An obvious problem
is that they conclude that the area has 7 months of above-freezing mean monthly temperatures
and the apparent freezing and thawing indices appear to be similar (Figure 2 in Yang and Shi,
2015). To have icy permafrost persist, it is usually necessary to have a higher mean annual
freezing index than the thawing index using mean daily air temperatures. In Canada, even ice
caves with 7 months of freezing temperatures and 5 months of thawing temperatures are
marginal for retaining permafrost (see the measurements for the Canyon Creek ice cave in
Harris, 1979). The presumption that the ice at Ningwa is stable is belied by the spectacular
icicles in the cave, and the fact that the cave lies in area visited periodically by the East Asia
Monsoon in summer, which brings with it copious amounts of warm (c. 20°C) precipitation,
some of which must enter the cave if there is a broad upper entrance.

The obvious solution to obtain reliable climate data for the site is to install a weather
station at the Ningwa cave site in the natural vegetation cover at an undisturbed site close to the
cave, on a similar slope and aspect. The ice cave represents a pocket of sporadic permafrost by
definition, but the extent of the pocket needs to be determined. A deep borehole to a depth of



about 100 m that is instrumented with thermistors and a data logger could determine whether the
adjacent ground contains permafrost. It would also provide basic data for comparison with
temperatures measured in the cave itself.

3. Some basic types of ice caves

Yang and Shi (2015) refer to the process-based classification of alpine ice caves of
Luetscher and Jeanin (2004). However, their classification only considers ice caves with
massive ice occurrences, and assumes that a distinction can be made between congelation ice
(endogenic ice) and snow and firn accumulation (exogenic ice). They assume that the caves
have developed the ice under a stable climate, just as is sometimes assumed when interpreting
the isotopic composition of speleothems (Hendy, 1971). As most scientists have finally realised,
climate is always fluctuating, and this inevitably results in corresponding fluctuations in the ice
in most ice caves.

In the case of ice caves closely dependent on the stability of the local climate, year-to-
year fluctuations produce important effects. The temperature data from within the Canyon Creek
ice cave in southwest Alberta was obtained during a 13 month period from 1977 to 1978 (Harris,
1979). The ice cave had a full range of stalactites and stalagmites, columns, and banded ice,
while the floor was covered by a seasonally frozen ice at that time. Two years later, fluctuations
in the local climate had resulted in the complete loss of the ice. By 1982, the range of ice forms
was back, and its continued presence has also been reported by Yonge and MacDonald (2014).

Relict ice in caves is a different matter. It can persist for long periods if there is a swan-
neck in the outer entrance preventing the exchange of air from outside with that inside, e.g., the
Plateau Mountain ice cave (Harris, 1979). As a result, the air temperature in the main body of
the cave where the ice is found is essentially isothermal at 0°C. The bulk of the ice there was
probably formed during the last Neoglacial event (c.1650-1900) and also possibly during the
Late Wisconsin glaciation. It has subsequently undergone substantial changes as it slowly
dissipates. The walls of the cave are covered in hexagonal plates of ice crystals. Thawing of the
ice is primarily due to geothermal heat flow and warm summer precipitation thawing ice in the
cracks in the overlying permafrost and subsequently descending into the cave, as has been
observed during and after heavy summer precipitation events. Even so, there is still some ice
remaining at the back of the cave today.

Tubular ice caves descending into the underlying rock accumulate snow below the
entrance in winter, e.g., the Candelaria ice cave in New Mexico (Dickfoss et al., 1997). These
authors demonstrated that in winter, cold air descends into the entire cave, displacing warmer air.
In summer, less dense warm air only produces a weak inflow into the cave, as is also the case in
the ice cave on Mount Fuji (Ohata et al., 1994a). The outer portion of the cave exhibits the
maximum annual temperature fluctuation, and the mean cave temperature rises with distance
within the cave, associated with decreasing annual temperature variation. Faimon and Lang
(2013) have demonstrated that upward air flows of warm air are systematically higher than
downward air flows, regardless of the number of entrances. Ohata et al. (1994b) found that wind
speed of air entering the Mount Fuji ice cave was proportional to the square root of the



temperature difference between the air inside and outside the cave, with a maximum speed of
more than 0.8 m/s™.

In the case of the Candelaria ice cave, ice cores from the upper 3m of the icy mound of
accumulated snow indicated that it was cold from 1,800-3,000 years B.P. and again from 1,650-
1,850 years A.D., i.e., the last two Neoglacial periods. Since then, the climate has been
fluctuating with increasing ice deposition from 1924-1936 and again, from 1947-1991. In
between, it was ablating.

Sloping caves with two entrances, e.g., the Eisriesenwelt ice cave in Austria, have a
different temperature regime. The warm air in the cave can escape upwards, while cold air
descends downwards to cool the lower portion of the cave. Dripping water from joints and
cracks in the enclosing rock are regarded as the source of the banded ice encrusting the walls
near the lower entrance (May et al., 2011). However, there is an abrupt change in the ice 3 m
into the 7 m ice core indicating an environmental change of undetermined origin. Similar
deposition from percolating meteoric water was reported by Wimmer (2007) from the Schonberg
system, Totnes Gebirge, Austria.

Yet another possible source of ice could be by condensation of water from warm air in a
humid, subtropical climate (c.f., de Freitas and Schmekal, 2003). This is likely to occur at
Ningwu ice cave if there is significant inflow of air into the cold cave in summer.

Obviously, there is too little published data to classify the Ningwu ice cave, let alone
determine what processes have led to the formation of the ice in it. However, it should be noted
that there is a continuum between massive ice occupying a cavity in bedrock, and a cavity in
bedrock partially filled with ice. These can change back and forth with climate changes.

4. Environmental history of the region

As the name implies, the Ningwu ice cave is potentially very old. Certainly, the earliest
glaciation in northwest North America was 3.5 Ma (Harris, 1994; 2001), and this should also be
the case for the west side of the Bering Strait. A cold event dated at 3.0 Ma has been inferred
from sediments around Lake Baikal (Fortiev, 2009), so that there must have been earlier cold
events in Asia than in the areas of Western Europe that were warmed by EIl Nifio that was
following the course of the current Gulf Stream prior to the collision of South and North
America and the closing of the Panamanian Gateway at about 2.4 Ma. However, central China
has been greatly affected by the collision between the Indian and Asian Plates (Harris et al.,
2015).

The Tibetan Plateau has undergone a series of phases of uplift, punctuated by periods of
erosion. The southern part near Lhasa was uplifted about 50-52 Ma, and had a warm, seasonally
dry climate until 40 Ma (Wang et al., 2013). However, the climate became cool and arid
between 40 Ma and 26 Ma. The uplift was periodic, with rapid erosion occurring during the
intervening periods. The sediment was deposited in the subsiding intermontane basins. The
southern part of Tibet had reached 4,500 m by 25 Ma, and the northern part of Tibet was starting
to rise (Li et al., 2012). Both the Indian and Asian Monsoons stared to develop around this time.



The uplift resulted in the development of a fortress-like structure. The Tibetan Plateau is
surrounded by mountain ranges on all four sides with mountain peaks exceeding 6,000 m in
elevation. The passes through the mountains lie between 4,500 and 4,800 m elevation. Since the
East Asia Monsoon only reaches to 4,500 m in northern Tibet, there is no moisture source for the
ice cap that has been postulated by Kuhle (1988; 1998; 1999; 2001; 2002; 2004). Instead there
were local ice caps on the higher mountain ranges, especially on the eastern side of the Tanggula
Range (Shi et al., 1979; 1990; 2006; Shi and Mi, 1983; Zheng et al., 2014).

The known glaciations only extend back to about 1.1 Ma B.P. due to the effects of
erosion. The maximum glaciation was the Kunlun glaciation at 0.6-0.7 Ma B.P. The area
covered in ice on the high mountains has been dwindling during the three subsequent glaciations,
being replaced by the development of permafrost (Zheng et al., 2014). Cui (1982) had mapped
the distribution of periglacial features across northern China, and this has been steadily added to
in subsequent studies (Zhao et al. 2014). Thus the idea of the ice in the Ningwu ice cave being
of glacial origin is untenable. Its origin must be as a type of permafrost.

The earliest evidence for the presence of permafrost reported to date comes from ice-
wedge pseudomorphs in the gravel layer of fluvio-alluvial sediments on the Da’Heba sandbar in
Xinghai, Qinghai Province (135,700+/-10,500 years B.P. — Pan and Chen, 1997), and ice-wedge
pseudomorphs in the loess at North Yangsigeguzui village, Junger Banner, Inner Mongolia
(132+/-13 ka B.P. — Zhou et al., 2008). These features record the time of thawing of the ice in
the ice-wedges. It was followed by an interglacial period lasting until 80 ka, and it was warm
and dry in the Qaidam Basin at 2700 m elevation (Han et al., 2013).

Liu and Lai (2012) reported a wedge with a sand infilling dated at 62.4+/-5.7 ka B. P.
from west of the Qinghai Lake at Tianjun (c. 3300 m). They therefore concluded that it was
formed during the marine isotopic stage (MIS) 4, dated at 80-53 ka B.P. It was followed by a
short warmer period.

The last glacial maximum in the northeast part of the Plateau began about 40 ka when the
surface of the basins on the Qinghai-Tibet Plateau had reached 4,500 m elevation (Zheng et al.,
2014). Cheng et al. (2005) reported a TL-date of 39.83 ka B.P. for cryoturbated and frost-
shattered bedrock at 4301m elevation along the Ngorin access road to Niutoushan on the
northeast slopes of the Qinghai-Tibet Plateau. It was cut by rock tessellons (Harris and Jin,
2012), one of which was truncated by a sand-filled ice-wedge cast TL-dated at 13.49 ka B.P.
During the maximum, the China Sea became dry land interspersed with lakes because of the
lowering of sea level due to the growth of glaciers elsewhere around the world (Fairbanks, 1989;
Voris, 2000). Thus the source of water to supply moisture to the East Asia Monsoon had
disappeared, while there was probably a southward movement of the Trade Winds until the
climate started to ameliorate. The absence of the East Asian Monsoon resulted in the extremely
cold, dry conditions that permitted the rock tessellons to develop at lower elevations, together
with sand tessellons that have been described from along the north and northeast slopes of the
Plateau and southern slopes of the Hexi Corridor (Harris et al., 2015).



By about 17 ka, the floor of the South China Sea became inundated by the sea, and the
movement of moist air onshore permitted the growth of ice-wedges throughout the region (Cui et
al., 2002; Wang et al., 2003; Vandenburghe et al., 2004).  However, the climate became
warmer, and the last ice-wedge casts resulting from thawing of the ice in these wedges are dated
at 9.16+/- 0.17 ka B.P. (Jin et al., 2006) with cryoturbation features dating as late as 8.86+/- 0.2
ka B.P. (Li et al., 2012). Subsequently, the climate fluctuated with periodic cold events (Liu et
al., 2013), but the Megathemal (Altithermal/Hypsithermal) only lasted from 8,500 to 6,000 years
B. P. During this time, permafrost was absent from the area.

During the Hypsithermal, the flood plains in northeastern China developed peat deposits
indicating warm, humid conditions (Yang and Jin, 2011; Yang et al., 2015). However at about 6
ka, there was an abrupt change in climate, with the development of ice-wedges that persist today.
Three intense cold periods are recorded in the Gong’he Basin at 5.3- 4.7, 3.1-1.5, and 0.7-0.1 ka
B.P. (Liu et al., 2013). Cheng et al. (2006) reported a group of sand-filled depressions about 2 m
wide and 1 m deep, suggesting the growth of small blocks of ground ice in loess between 5,690
and 5,430 years B.P. In 1985, two deep boreholes in bedrock in the Huola River basin in
Northeast China penetrated two layers of massive ice in Cretaceous shale and coal measures
(Wang, 1990). The thickest was over 20 m thick. Thus the development of substantial bodies
ground ice was common in northeast China after 6 ka B.P. This suggests that the ice in the
Ningwu ice cave may only date back about 6 ka instead of 3 million years. The cave may also
be a former mass of ice in the cavern that is currently suffering from thawing of the relict ice as a
result of a warming climate.

Conclusions

Yang and Shi have to be thanked for bringing to the attention of the permafrost
community the existence of this intriguing ice cave. Unfortunately, it has been significantly
modified by the local population, so that it may be difficult to determine its exact environmental
history. Based on the regional climatic history, it certainly does not contain glacier ice as
previously suggested, and the ice is probably less than 6 ka in age. However, it is a most
interesting example of an ice cave at low latitudes that is surviving in spite of hot, humid
summers with Monsoon precipitation, interspersed with very cold winters. There are no studies
of ice caves persisting under comparable conditions, so that it will be very desirable for more
detailed observations, climatic and ground temperature measurements to be carried out, so as to
learn as much as possible about the processes occurring in this unique environment.
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