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Abstract
The Himalayan Mountains and valley glaciers within it are coupled in such a way that they maintain the ecosystem along 
the draining stream from the young to old stage. They produce meltwater and nutrient-rich sediments, which serve as 
precious resources for low-lying areas. Meltwater is assumed to be an important agent of transportation and deposition 
of sediments in warm-based valley glaciers. Overall, the glacial environment acts as a good erosional system, and the 
sediments produced form a good-quality aquifer above the hard bedrock in the outwash plain. The glaciofluvial and 
glaciolacustrine sediments were collected from the Chandra Basin and analysed for the permeability, porosity, density 
and statistical parameters. Correlation among the different parameters was explained through the regression analysis. The 
correlation between permeability and mean grain size showed a good regression coefficient, R2 = 0.86 and R2 = 0.97, for 
glaciofluvial and glaciolacustrine sediments respectively. Correlation between density and porosity was also established 
against the mean grain size with a good regression coefficient. The physioempirical parameters, effective diameter  (D10) 
and coefficient of uniformity  (Cu) were also examined for their dependability on permeability. Hence, this preliminary 
study attempts to use sediment grain size and texture as a tool to understand the permeability, porosity, density and 
movement and mobility of water through the glaciofluvial and glaciolacustrine sediments. Also, the correlation study 
showed that the mean grain size could be used as a factor for predicting the physioempirical model in that region.
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1 Introduction

The supraglacial, englacial and subglacial hydraulic sys-
tems together produce assorted sediments that are 
drained by glacial meltwater; these characteristic sedi-
ments are called glaciofluvial sediments [1]. Sometimes 
meltwater dammed by moraines or ice turns into a lake; 
the characteristic sediments in and around these lakes 
are called glaciolacustrine sediments [3]. These sediments 
represent the characteristics of the erosional environment 
and act as a reservoir for natural water storage.

Permeability, porosity and density are the three fac-
tors that greatly influence many geological processes [7]. 

Permeability, one of the important parameters, is meas-
ured to understand the storability, passage of water from 
different sources (rain, snow, ice and groundwater) and 
channel loss through the sediments in the flow direction 
[38]. Since permeability is the measure of the ease with 
which water moves through aquifer material, certain rela-
tionships must exist between permeability and the statisti-
cal parameters that describe the grain size distribution of 
the porous medium [22].

Although many methods have been developed by geolo-
gists, soil scientists and engineers to estimate the perme-
ability of sediment and rock, there is still lack of adequate 
understanding [31]. Summers and Weber [37] mentioned 
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that insufficient data exist for measuring the permeability 
especially in the glacial environment where poorly sorted 
sediments are common. There are several other methods for 
estimating the permeability of sediments. One of the bet-
ter but expensive and time-consuming methods is the field 
pumping or injection test. Another method is the permeam-
eter method, in which fluid is allowed to flow through the 
sample in the laboratory. The third method includes analysis 
of grain size data from mechanical sieving and then predict-
ing the permeability using the empirical formulas [31].

Permeability is a function of porosity, grain size and sort-
ing. When combined, the pores of the sediments act as a 
water conduit to transmit water through them and hence 
serve as an important parameter in groundwater charac-
terization. In general, the total porosity of the unconsoli-
dated material varies from 0.25 to 0.7 (25–70%) [24]. The 
bulk density depends upon the water content of the sedi-
ment and is highly variable as the water content in sediment 
changes because of compaction [18]. Permeability generally 
increases with an increase in the void ratio and decreases 
with an increase in density.

So far, many works have been carried out to relate the 
permeability with the grain statistics by using empirical for-
mulas. Hazen [17] and Slichter [34] explained the depend-
ability of permeability on grain size. They deduced the 
formula that relates the permeability proportional to the 
square of the grain diameter (k = cd2). This basic formula has 
been experimentally verified and modified by many others 
[5, 19, 30]. Masch and Denny [22] explained the dependabil-
ity of permeability of the unconsolidated sands on various 
statistical parameters such as the median, standard devia-
tion, skewness and kurtosis. For unconsolidated sediments, 
the dependability of permeability on various grain size data 
was also explained by the many investigators [16, 25, 28].

Advancements in science have led to the characterization 
of sediments through enhanced geophysical methods [4, 
10–12, 14, 23, 32, 33], but still the predictability of hydrogeo-
logical parameters follows the same trend [21, 36, 39]. Many 
studies have been carried out in the Himalayan catchment, 
emphasizing the suspended sediment load [26, 27], but there 
is a missing link between sediment properties and their char-
acteristics in the glaciofluvial and glaciolacustrine environ-
ment. Direct methods of permeability estimation are difficult 
to conduct on the undulating surfaces of the Himalayas; 
hence, an indirect method may be more feasible and work-
able. The hydrological properties of sediment estimation will 
serve as a key factor in calculating the channel loss to aquifer 
and groundwater recharge. Here, an attempt has been made 
to prepare the baseline for future research work, which could 
be vital to understand the movement, mobility and channel 
loss of water in a glaciated valley. The study includes labora-
tory analysis of samples taken from the glaciated region and 
their physical property determination using grain size analysis. 

We also attempt to determine the interrelationship among 
the different physical and empirical quantities.

2  Study area

Surficial grab sediments were collected from near the base 
camp and snout of the Chhota Shigri glacier and around 
the periphery of Chandratal Lake (Fig. 1). Among the sam-
ples that signify glaciofluvial characteristics, collected from 
the Chhota Shigri glacier stream, three represent discharge 
sites (~ 2.0 km) down the snout and another was collected 
near the snout of the glacier (Fig. 2a). To demonstrate gla-
ciolacustrine features, four samples were collected around 
the periphery of Chandratal Lake, which lies ~ 30 km away 
from Chhota Shigri glacier in Chandra Basin, Himachal 
Pradesh (Fig. 2b). 

Being in the Central Crystalline Belt of the Pir Panjal range 
in the Indian Himalaya, the Chandra Basin mainly shows meta-
morphosed features. The dominant composition of this cen-
tral crystalline axis shows a range from meso- to ketazonal 
metamorphites, migmatites and gneisses [20]. Additionally, 
we could see granitic rocks of varying compositions in a few 
places. These rock intrusions are younger and show rejuvena-
tion. Around 3 km upstream of Chhota Dara (Chandra Basin), 
in the upper Chandra Valley, older granitic rocks from the 

Fig. 1  Study area
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Paleozoic Age were seen. The fauna-rich sediment formation 
(Haimanta system) of the Spiti region was seen as an overlying 
formation demarcated with a tectonic break; the dominant 
rocks of the Haimanta system include black slates, phyllites 
and fine-grained biotite-schists [8, 20]. The slates and phyllites 
are well exposed in the form of thrust tectonic contact and lie 
at the crest of the northern ridge. Box-type folds with decol-
lement are quite prominent along the Haimanta Formation 
in Chandra Basin.

3  Methodology

The glaciofluvial and glaciolacustrine sediments were 
analysed for statistical and physical parameters, i.e., the 
mean, standard deviation, skewness, kurtosis, porosity, 
permeability and bulk density. All samples were air dried 
for 3–4 days in the laboratory. The samples were passed 
through a 2-mm sieve to remove sediments > 2 mm and 
kept in airtight polybags. Particles > 2 mm were sieved 
out because particles of this size do not influence the 
hydrogeological processes, especially the groundwater 
storage, mobility and movement [6, 9]. All samples were 
processed in the laboratory mainly for three parameters: 
grain size analysis, porosity and bulk density. Grain size 
distribution was analysed using mechanical sieving. In 
the grain size analysis, sieves of 1 mm, 0.5 mm, 0.25 mm, 

0.125 mm, 0.063 mm, 0.037 mm and 0.030 mm were 
used. The graphical statistics method was used to calcu-
late the statistical parameters [15]. The sediments were 
sieved up to the 95% passing diameter. The weight of 
the sample on the individual sieve was measured elec-
tronically. The cumulative curves were plotted for the 
sieved data (Fig. 3). Phi values of 5%, 16%, 25%, 50%, 
75%, 84% and 95% passing diameter were calculated 
from the cumulative curves (Table 1) and applied to the 
statistical formulas given by Folk and Ward [15]. Hence, 
the mean diameter, standard deviation, skewness and 
kurtosis of each sample were calculated. Statistical cal-
culations were performed using the graphic method and 
the following empirical equations were considered.  

(1) Mean (Mz): the average grain size in the sample is 
defined as the mean value of the sample. It is an arith-
metic mean of all the distributed grain sizes in the 
sample,

(2) Inclusive graphic (σi) standard deviation: this is a sta-
tistical explanation for sorting the grains. It is a meas-
urement of the range of the grain size distribution in 
the sample,

Mz =
�16 + �50 + �84

3

Fig. 2  a Glaciofluvial sampling location. b Glaciolacustrine sampling location



Research Article SN Applied Sciences (2019) 1:1 | https://doi.org/10.1007/s42452-018-0001-3

(3) Inclusive graphic skewness (SKt): skewness is defined 
as the degree of asymmetry from the normal or log-
normal grain size distribution. Skewness can be posi-
tive or negative depending upon the excess tail of 
fine or coarse particles, respectively,

(4) Graphic kurtosis  (KG): the degree of sharpness or 
peakedness of the grain size distribution curve is 
known as the kurtosis,

�i =
�84 − �16

4
+

�95 − �5

6.6

SKt =
�16 + �84 − 2�50

2
(

�16 − �84

) +
�95 + �5 − 2�50

2
(

�95 − �5

)

Permeability was empirically calculated by applying the 
sieved data to the [19] equation. The equation uses the 
grain size data to predict the permeability of sediments,

where k is the permeability of the sediment, d is the mean 
grain size in mm, and �i is the standard deviation in phi (ϕ). 
Phi (ϕ) and mm are related by the formula,

The porosity was calculated through the column satura-
tion method. In the saturation method, water was allowed to 

KG =

(

�95 − �5

)

2.44
(

�75 − �25

)

k = 760d2e(−1.31�i)

� = − log2 d

Fig. 3  Particle size distribu-
tion for the collected samples 
in glaciofluvial and glaciola-
custrine environment. In the 
smaller window the cumulative 
curve for the same is shown

Table 1  Phi values of 
the glaciofluvial and 
glaciolacustrine sediments

Sample ID �
5

�
10

�
16

�
25

�
50

�
60

�
75

�
84

�
95

CS 1 1.010 1.293 1.530 1.800 2.360 2.566 2.900 3.170 3.810
CS 2 − 0.018 1.055 1.478 1.863 2.544 2.800 3.270 3.702 4.490
CS 3 0.715 0.712 1.909 2.407 3.248 3.509 3.925 4.241 4.772
CS 4 0.817 1.464 2.249 2.918 3.638 3.898 4.386 4.696 5.007
CT 1 − 0.769 − 0.543 − 0.289 0.053 0.850 1.143 1.599 1.599 2.527
CT 2 − 0.808 − 0.611 − 0.367 0.060 1.179 1.444 1.804 2.107 2.623
CT 3 − 0.727 − 0.445 − 0.072 0.552 1.379 1.612 2.004 2.364 3.706
CT 4 − 0.725 − 0.432 − 0.030 0.630 1.343 1.540 1.848 2.076 2.576
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flow against gravity in a column filled with the sample. The 
volume of water required to saturate the sample was meas-
ured and divided by the total volume to obtain the porosity 
of each sample. The density was calculated by the volumet-
ric method. The sample was poured into the known volume 
of a vial and pressed to duplicate the natural compaction 
of material. The volume and weight of each sample were 
determined to obtain the density of the individual sample.

4  Results

4.1  Statistical analysis

4.1.1  Glaciofluvial sediments

Among four samples, the first two were fine sands 
and the other two very fine sands. The reason for the 
presence of very fine sand could be the location of the 
sample site close to the snout as rock flour is produced 
by the glacier in the snout region because of abrasion 
between the glacier ice and bedrock. As expected in the 
glacial environment, the sediments were poorly sorted 
except for the first sample, which was moderately sorted. 
The first sample was collected from the left bank of the 
glacial stream, looking toward the glacier. The rapid flow 
did not affect the samples on the left bank; hence, they 
were exposed to the weathering phenomenon for a long 
time and moved from poorly to moderately sorted. The 
first two samples were symmetrically skewed but the 
other two were negatively skewed because of the pres-
ence of a higher percentage of coarse particles. The kur-
tosis varied from mesokurtic to leptokurtic. The porosity 
of the samples was found to vary from 23.556 to 32.88% 
(Table 2). The two samples showed greater porosity. This 
can be explained by two reasons: they were more sorted 
than the other samples and had the a higher percentage 
of finer particles. Permeability is highly correlated with 
the sorting of the samples. As the sorting decreased, the 
permeability also decreased. However, the permeability 

showed a negative correlation with the porosity and 
density, i.e. permeability decreased with an increase 
in porosity and increased with an increase in density. 
The negative correlation of the permeability could be 
because of the grain texture, i.e. grain shape (angularity, 
roundness, sphericity) and sorting.

4.1.2  Glaciolacustrine sediments

Among four samples, two were coarse sand and two 
medium sand. This variation must be because of the 
change in drainage morphology around the lake. In 
general, around the periphery of the lake, we get more 
assorted and coarse sediments, and as we move towards 
the base of the lake the assorting and grain sizes both 
decrease. So, as expected, poorly sorted sediments were 
found in glaciolacustrine environments. Samples varied 
from the near symmetrical to negatively skewed, i.e. the 
percentage of finer sediments was more than that of the 
coarse sediments. The kurtosis was found to vary from 
platykurtic to leptokurtic, which means medium size to 
fine size sediments were more sorted in this environ-
ment. In the lake samples, the porosity was lower than 
in the glaciofluvial environment; hence, the samples 
showed greater permeability. Their porosity varied from 
22.74 to 24.812%, while permeability varied from 1.042 
to 9.389 Darcy (Table 3). The density of the sediments 
was comparable in both environments. The size range 
of all statistical parameters is shown (Fig. 4).

4.2  Dependability of porosity, permeability 
and density on grain texture

Permeability is highly correlated with the mean/median 
grain size [31]. The glaciofluvial sediments showed a good 
correlation of permeability against mean grain size with 
a regression coefficient of 0.8586. The glaciolacustrine 
sediments showed even higher correlation than the gla-
ciofluvial sediments with a regression coefficient of 0.9752 

Table 2  Sample statistics of 
glaciofluvial sediments

Sample ID CS 1 CS 2 CS 3 CS 4

Mean Fine sand Fine sand Very fine sand Very fine sand
SD Moderately sorted Poorly sorted Poorly sorted Poorly sorted
Skewness Near symmetrical Near symmetrical Negative skewed Negative 

skewed
Kurtosis Mesokurtic Leptokurtic Mesokurtic Leptokurtic
Porosity (%) 25.619 23.556 30.98 32.88
Permeability (Darcy) 9.389 4.199 1.901 1.042
Bulk density (gm/cm3) 1.547 1.612 1.402 1.315
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(Table 4). The good correlation between the permeability 
and mean grain size in both the environments of Chandra 
Basin proved the strong dependability of the permeability 
on mean grain size. Other parameters such as standard 
deviation, skewness and kurtosis did not show any signifi-
cant correlation between the two environments. Standard 
deviation and skewness were individually correlated with 
the glaciofluvial sediments, and kurtosis was individually 
correlated among the glaciolacustrine sediments. Hence, 
the mean grain size can be a preferred parameter over the 
other textures for the study of permeability in this particu-
lar environment (Fig. 5). 

For the unsorted sediments, the mean grain size was 
correlated with the fractional porosity of the sediments 
[29]. Generally, porosity increases with decreasing mean 

grain size. The glaciofluvial sediments showed a good cor-
relation (R2 = 0.8289) between porosity and mean grain 
size (Table 4). Similarly, the glaciolacustrine sediments also 
showed a positive correlation (R2 = 0.581). The opposite 
correlation of porosity with mean grain size in the glacio-
lacustrine environment indicates some disturbance in the 
environment; the grain shape factor (angularity, round-
ness, sphericity) could be the reason for this. Mean grain 
size could also be a modelling factor for determining the 
porosity in the glaciofluvial environment. However, poros-
ity did not show a good relation with the sorting (standard 
deviation) in these samples.

Density is a function of particle size distribution [35]. 
The result analysed for the different glaciofluvial sedi-
ments showed that bulk density of the sediment increased 

Table 3  Sample statistics of 
glaciolacustrine sediments

Sample ID CT 1 CT 2 CT 3 CT 4

Mean Coarse sand Coarse sand Medium sand Medium sand
SD Poorly sorted Poorly sorted Poorly sorted Poorly sorted
Skewness Near symmetrical Negative skewed Near symmetrical Negative 

skewed
Kurtosis Platykurtic Platykurtic Leptokurtic Leptokurtic
Porosity (%) 24.5 24.812 22.74 24.127
Permeability (Darcy) 108.297 87.578 26.030 40.845
Bulk density (gm/cm3) 1.514 1.554 1.548 1.472

Fig. 4  Size range of statistical 
parameters in the glaciofluvial 
and glaciolacustrine environ-
ment
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with an increase in mean grain size. The mean grain size 
of glaciofluvial sediments showed a good correlation with 
density with a regression coefficient of 0.8692 but the 
glaciolacustrine sediments did not show any correlation 
(Table 4). The standard deviation (sorting) against poros-
ity was only correlated in the glaciolacustrine sediments 
(R2 = 0.6110) but not in the glaciofluvial sediments.

4.3  Dependability of permeability 
on physioempirical parameters

The effective diameter  (D10) and coefficient of uniform-
ity  (Cu) of soil are generally used for the prediction of the 
physioempirical model [2]. The D10and  Cu are highly corre-
lated with the permeability [13]. The  D10 is generally used 
to speculate various properties of the whole mass. D10 is 
generally related to most of the soil properties; hence, 
this was used to empirically calculate most of the physi-
cal parameters of soil. The glaciofluvial sediments did not 
show good correlation of permeability with D10 viz. the 
regression coefficient was found to be 0.0631 whereas gla-
ciolacustrine sediments showed a good relationship with 
the regression coefficient of 0.6723 (Fig. 6). The  Cu showed 
a quite good relationship with the permeability of the 
sediments, but for the glaciolacustrine sediments, it was 
negatively correlated compared with the glaciofluvial sedi-
ments. This too represents some instability in the glacio-
lacustrine environment. Therefore,  D10 and  Cu cannot be 
used to empirically determine different physical aspects 
of the sediments in these regions.

Table 4  Correlation coefficients between physical and statistical 
parameters

Sediment 
type

Mean diam-
eter

Standard 
deviation

Skewness Kurtosis

Glaciofluvial
Permeability 0.8586 0.8570 0.8387 0.1496
Porosity 0.8288 0.1451 0.8607 0.1098
Density 0.8261 0.1390 0.8460 0.0950
Glaciolacustrine
Permeability 0.9751 0.2296 0.1177 0.8611
Porosity 0.5808 0.5355 0.0734 0.8342
Density 0.0011 0.6110 0.1774 0.0457

Fig. 5  Permeability, poros-
ity and density correlation 
with statistical parameters. 
Mean diameter (●), standard 
deviation (▲), skewness (■), 
kurtosis (★)
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5  Conclusion

In the glacial environment, it is difficult to model the 
sediment characteristics because of their highly assorted 
nature. As glaciers are very vulnerable to climate change, 
depending upon the place, the nature of erosion and 
sediment production varies. Therefore, it is difficult to 
predict a spatial model for the glacial environment. The 
study in the Chandra Basin was a preliminary approach 
to determine the parameters best correlated with per-
meability, porosity and density in two selected regions. 
The article explained the importance of sediment char-
acteristics in a glacier terrain. The rigorous explanation 
of recharge and discharge in a proglacial environment 
can only be concluded by measuring parameters such 
as permeability, porosity, density and so on. The study 
included two important proglacial environments, i.e. gla-
ciofluvial and glaciolacustrine. The main characteristic of 
the glacial environment is an extremely heterogeneous 
assortment of particles ranging from clay-size grains to 
meter-size boulders. Due to the extremely heterogene-
ous nature of sediment in the glacial environment, the 
grain texture plays an important role in controlling the 
permeability of sediments. The study showed the role 
of sediment size in controlling the permeability, poros-
ity and density. The study also attempted to determine 
the relationship of permeability, porosity and density 

with grain texture. These parameters greatly affect the 
baseflow of the glacial stream, which acts as a funda-
mental factor in the glacio-hydrological system. The per-
meability of the glaciofluvial and glaciolacustrine sedi-
ments showed a good correlation with the mean grain 
size. Porosity and density of the glaciofluvial sediments 
also showed a good correlation with the mean grain size. 
Hence, mean grain size could be a determining factor for 
the physioempirical model in these two selected regions 
especially for the glaciofluvial environment around the 
Chhota Shigri glacier. The data on glaciolacustrine sedi-
ments indicated some instability in the environment 
around Chandratal Lake. As the study included a limited 
area and limited samples, more detailed study should 
be undertaken to determine the hydrology of proglacial 
and subsurface movements.
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