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Subglacial cOlllminution in till- evidence froIl1. lllicrofabric 
studies and grain-size distributions 

YI CHAOLU 

LahomlolJI r!f En vironlllenlal Scimces, Instilllle o/Geodes,JI al/d Geol)!~)lsics, flcadell7i(({ Sillica. I I ldWI1 -130077, China 

ABSTRACT. Qua rtz, feld spa r a nd chlorite, the principal minera ls in a basal till from 
the H a las i Ri\'Cr catchl11en t in the Altay i\fo unta ins, northwestern China, arc present in 
approx im a tel),eq ua l conce ntra ti ons in the coarse frac tion of the till , 1.0- 0.125I11m. Quartz 
concentratio ns are significa ntl y higher th a n those of'the other two mineral s in the 0.125-
0.016 mm size range. Feldspar a nd chlorite co ncentrati ons a rc high er than those of quartz 
in the finest f'rac ti on. Qu a rtz has a strong preferred mode a t 0.063-0.032 mm. Feldspa r 
a nd chlorite ha\'e t\\'o we a k modes in th e silt- size ra nge, o n c bet\\'Cen 0.063 and 
0.032 mm a nd th e oth er between 0.016 a nd 0.00+ mm. 

Thin sec tions of' o riented impregnated samples were used to stud y crushing and abra­
sion. O\'e r 2700 daughter partic les were identified as produc ts o('comminution of925 pa r­
ent grains. Quartz and feld sp a r arc most like ly to he broken into two particles of roughl y 
equ al size, as arc line chl o rite g ra ins. Howe\ 'C r, o\l'ing to their wea kness a nd clea \·age. 
la rger grains of' chl orite tend to be split into more th an t\l'O d a ug ht er particles. 

Sizes o f the daughter g ra ins were meas ured a nd sizes o f' the o ri g inal parent ~rains \\'ere 
estim a ted . ~lcan parent gra in-sizes fQr qua rtz, feld spar a nd eh lorite a rc 0.129, 0.078 a nd 
0.059 n1.l11 , respecti\'ely, whneas mean da ug hte r g ra in-sizes a rc 0.068,0.0+1 a nd 0.02+ III Ill , 
respective ly. The greater p e rcentage reduction in the size of'eh luri te reilects its te ndency to 
brea k into more th a n two d a ughter partic les. 

~Ios t g rains tend to be c rushed. Only a (C\\' la rge particles sce m to hm'C suffe red frolll 
abrasion. 

INTRODUCTION 

Comminution o('sediment g ra ins is an importa nt subglacial 
process. ~Iany authors (Dreim ani s and Vag ners, 1971, 1972; 
Boulton, 1978; H a ldorsen , 1981) have a ttributed a mode in 
th e silt-size range in till to such cOlllminuti o n, a nd Dra ke 
(1972) inferred th at a cha nge in roundn ess of pebbles \\'ith 
increas ing di sta nce from their so urce ill cast-central :\e\\' 
Ha mpshire was a res ult orit. 

In studies of th e size di stributi ons of \ 'a ri o us minera l 
species in till , Dreim3nis and Vagners (1971 ) suggested th a t 
quartz a nd feld spar ca n be r ed uceci to a tcrmina l g ra in-size 
orO.062 0.031 mm. while o the r minera ls mig ht ha\ 'e smaller 
termin a l sizes. Dilabio (1981) fiJllndth a t chalcopyrit e in till 
in the Lac !\listass ini L ac \ Va co nichi a rea o f Quebec has a 
clas t mode be t\\'Cc n 16 and Imm and a m a trix mode from 
0.063 to 0.016 mm . Other researchers ha \'C studied commi­
nution o r qua rtz in till with the use of a scan ning electron 
microscope (c.g. Krinsley and Doornk amp, 1973; ~[a haney 
a nd others, 1988), a nd ha\ 'c o bs e 1'\ '('(I wh a t they infer to be 
abraded surfaces and concho ida l rrac ture resulting from 
subglac ial comminution. 

In discussing commi nution, a disti net ion be t \\'een crush­
ing a nd abrasion is sometimes made. The word "c ru sh" im­
plies a process in which forces arc predominantl y normal to 
a g ra in surfacc, whereas abrasion suggests forces pa ra ll el to 
th e surface. Clearly. th e re must be a continuum bet\\'Cen 
these end m embers. H o\\'e \'e r, shear forces arc likel y to dis­
lodge small particles fro m the s Llrf~lce or a la rger onc, 
whereas no rm a l fo rces hrea k g ra ins into d a ug hter particles 

of' roughl y equ a l size. Herein, mineralogica l a nal yses of 
dilTcrent g ra in-size rrac tions from a basa l till a nd miero­
fa bric studies of impregnat ed sa mples of th e till arc usedLO 
cla rify the role o f crushing a nd a brasion in controlling th e 
g rain-size distribution of th e till m a trix. 

REGIONAL SETTING 

The a rea from which the sa mpl es were obta in ed is in th e 
Ha las i Ri\ 'C r ca tc h mcnt on the so uth slope of the Altay 
~ louI1lain s in China (+8 30'49-20' N. 86 50' 8755' E l. 
EIC\'ations range from ",1000 m in th e ri\ 'C r \'alley to 
+37+ 111 at th e to p o f the highes t peak, Youyifo ng. The mod­
e rn sno\\· line is 3000 3100 m, so valley glac iers a rc present. 
Ha lasi Glacier, the largest a nd longest in th e region, is O\ 'er 
10 km long. The snouts of' modern g lac iers a rc a t ele\ 'a ti ons 
0(,2300 2+00 m , w hile thc lo\\'er limit ofknOlI'll Quaterna ry 
g lacial deposits is a t 1300 m. 

Latcralm o ra ines a rc prcsent a long th e banks of H a las i 
Lake and th ree se ts oC cnd mora ines a rc dist ributed over a 
di sta nce or 3.5 km down-\'a llc y from the la ke ( Fig. I). Eac h 
se t of' cnd nHJra i ncs consists o f' se \ 'C ra l m innr mura i I1CS. TI1l' 
till is 20 30 III thi ck in thcse Illora ines. :\'ea r the o utlet or 
H a lasi Lake, the re arc t\\'o sm a ll patches of basa l till (or 
g round mora ine ) about 10 m thi ck, with li ttle reli c t 

IIC dat ing o (' a second a ry carbo nate coating on till g rm'­
c1s on the n tllc y noor nea r site B (Fig. I) yielded an age of' 
+0+0 ± 80 yea rs RP. This is considered to he a minimum 
age for the dcposits .. \ ccording ly, consistcnt \\'ith d a ta on 
moraine ages in the other Chincse mount a ins, thi s d eposit 
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Fig. 1. Alaps showing sampling sites. (a) Location map of the study area. (b) GeomorphologicalJeatures of moraine in the 
vicinity of the olltLet of Halasi Lake. 

is believed lO have been formed during the Last Glaciation 
in China (equivalent to the 'Viseonsinan or Weiehselian ) 
(Cui Zhijiu and others, 1992). 

The bedrock in the glaciated area is predominantly 
granite and ehlorite, ehlorite-quartz and quartz-schists. 
Accordingly, over 90 % of the mineral grains in the till arc 
quartz, feldspar or chlorite (Table I). 

GENERAL PROPERTIES OF THE TILL 

Tills near the outlet of H a la si River contain a large number 
of spherical elasts, believed to have come from ancient lac us­
trine sediments (Cui Zhijiu and others, 1992; Yi Chaolu and 
Cui Zhijiu, 1994). At site A (Fig. I), the till is massive and 
compact, and the matrix has a high silt content. The till 
fabric is strong, with a preferred orientation of long axes 
parallel to the ice-flow direction and dipping up-glacier. 

The till at site B is a lso massive but less compact and 
coarser. Tt contains lenticular layers of sand and silt, 0.18-
0.50 m thick, with individual laminae that are 1- 2 mm 

thick. The preferred orientation of gravel- sized clasts is per­
pendicular to the trend of the moraine. 

METHODS 

Grain-size and mineralogical analyses 

Fourteen pairs of samples were coll ected, six from ground 
moraine near site A, and eight from an end moraine near 
site B (Fig. I). One sample from each pair was loose and 
was used for grain-size a na lysis, whereas the second was an 
oriented , impregnated sample wh ich was thin-sectioned 
and used for microfabric studies. 

Size distributions of grains >0.039 mm were determined 
by sieving. Fractions > 0.125 mm were eparated at 14> inter­
vals (cp = log2 d where d is the gra in-size in millimeters) 
and {i-actions between 0.125 and 0.039 mm were separated 
at ~ cp intervals. 

The fine-sand (0.1 - 0.2 mm ) fraction was divided into 
heavy- and light-mineral components with the use of tri-

Table 1. Mineral components in glacial till (grain -size: 0.1- 0.2 mm) 

Sample Ilumber 7-1 7-2 7-3 7-4 7-5 7-6 3-1 3 -2 3-3 3-4 3-5 3-2' 3-J 3-4' 

Quartz +6.901 50.091 52.408 50.033 +6.433 45.598 51.067 44.425 45.158 49.939 50.663 52.821 51.397 45.659 
Feldspar 35.678 32.+7 32.183 33.0+6 37.6+6 35.241 30.083 38. 103 37.97 36.776 30.175 32.069 26.039 38.801 
Ch10rite 12.179 12.5+7 11.891 12.+52 11.739 13.702 11 118 12.051 12.011 11.358 14.362 10.761 15.351 7.511 
l\1usco\' ile 0.005 0.009 0.004 0.002 0.004 0.001 Trace Trace Trace Ti'ace Tt'ace Trace 'I,'ace 'n 'ace 
BiOlile 0.756 0.734 0.789 0.752 0.716 0.6+2 0.732 0.525 0.61 0.369 0.575 2.037 0.973 5.811 
Oisile 3.302 2.937 1.859 2.655 2.608 2.96 3.+68 3.475 3.089 1.366 3.235 0.772 4.98+ 1.801 
Epiclote 0.006 0.004 0.006 0.007 0.005 0.008 0.003 0.006 0.004 0 0.008 0.005 0.018 0.002 
Amphibo1e 0.208 0.212 0.182 0.179 0.18 0.201 0.163 0. 165 0.099 0.02 0.227 1.129 0.253 0.008 
Pyroxene 0.003 0.002 0.003 0.002 0.00"· 0.005 0.004 0.004 0.003 No 0.004 0.002 a.oIR No 
Garnet 0.008 0.016 0.011 0.01 0.007 0.1·[6 0.01 0.013 0.005 0.004 0.011 Tt'ace Trace ' l1'ace 
1011 r111aii nc 0.012 0.016 0.009 0.008 0.023 0.075 0.015 0.015 0.0+9 0.014 0.037 0.13 0.026 0.017 
Zircon 0.034 0.052 0.072 0.065 0.03 0.Q7 0.lD7 0.1 67 0.08 0.066 0.0++ 0.055 0.175 0.203 
Magnetite 0.712 0.63 0.398 0.55+ 0.43 1.041 1.005 0.862 0.527 0.043 0.+88 0.094 0.588 0.151 
Ilmen ile 0.189 0.279 0.167 0.227 0.166 0.302 0.223 0. 186 0.266 0.042 0.165 0.115 0.177 0.033 
Lilllo nitc...: 0.001 0.002 0.001 0.001 0.003 0.005 0.001 0.001 Trace 0.001 0.001 0.002 0.001 0.001 
Pyrite 0.002 0.001 0.001 0.001 0.002 0.001 0.001 0.002 0.001 010 0.002 0.001 1\0 :-10 
Hematile 0.004 0.008 0.016 0.006 0.005 0.002 ' lI'ace Trace 0.129 0.003 0.003 0.007 Trace 0.001 
Gold Tt'ace No No Trace No No ~o No No No No No No No 
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brotha ne (sp ecific gravity: 2.89- 2.93). Ferromagn etie miner­
als were further separated m agnetically from the heavy 
fraction. The rest of the heavy fraction and the light fraction 
were sorted into three or four p a rts eleetromagnctically. The 
mineral constituents were then identified by using a bin­
ocul ar microscope, and occasionally with a pola ri zing 
microscope using oil immersion. The vari ation in mineral­
ogy among the 14 samples collec ted is small (Table 1). Thus, 
four representa tive samples were selected for detailed 
mineralogical analysis of the rcsp eetive grain-size sepa rates. 

Samples from grain-size fractions > 0.039 mm were im­
pregnated a nd thin-sectioned. Mineral species were identi­
fied using a pola rizing microscope. Grain counts were made 
using more than 500 grains p cr sample. 

The > 0.039 mm grain-size fractions were further sep­
a rated at l cjJ intervals by pipe tte. The sepa ra te grain-size 
fracti ons werc then ground into a fin e powder and the 
mineral components Wf're de te rmined quantitatively by 
infrared spec trometer. 

Microfabric studies 

Sets of mutua lly perpendicul a r thin sections wer e prepared 
from the oriented impregna ted samples. Microfabri es and 
ch a racteri stics of the comminuted mineral g ra ins were 
studied by using a polarizing microscope. Sizes of ove r 900 
primary grains a nd over 2700 d a ughter gra ins were meas­
ured (Table 2). 

Table 2. Number rijgmins measured 
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Yi Clzaolu: Subglacial communition in till 

Some samples from the local bedrock, a schist, were a lso 
sectioned in order to determine minera l grain-sizes in the 
parcnt rock. 

R ESULTS 

Size d istribution of quartz, feldspar and chlorite 
grains 

The variation 111 mineral content am ong the vario us size 
fractions is simil a r in the four samples (Fig. 2). Quartz dom­
inates in the 0.125-0.031 mm size range. In contrast, feldspar 
a nd pa rticularly chlorite concentra tions increase relative to 
qua rtz in the sm a ll er- and larger-size fractions. 

Figure 3 shows the grain-size di stribution in the bulk till 
samples and Fig ure 4 shows the gra in-size distributi ons fo r 
quartz, feldspar a nd chlorite, individua lly, calculated from 
the da ta in Figures 2 and 3. Quartz has a preferred n'lode at 
0.063- 0.032 mm and in some samples a secondary m ode at 
0.25- 0.125 mm. Feldsp ar and chl orite commonly have weak 
modes at 0.25- 0.125, 0.063-0.032 a nd 0.016- 0.004 mm. 

Crushed and ahraded minerals in thin sections from 
oriented samples 

In thin sections prep a red from the o riented impregn ated 
samples, many gr a ins of quartz, feld sp a r and chlorite ap­
p ear to have been broken into two o r more smaller frag­
m ents (Fig. Sa- g ). In some cases, sm a ll quartz fragm ents 
a re inferred to h ave been abraded from larger ones. The 
shap es of the edges of these grai ns mirror that of the la rge r 
presumed parent (Fig. 5c) and, in som e pl aces, they remain 
weakly connected to the parent (Fig. 5d ). 

Polyminera lic fragments were sometimes found to be 
broken into mono mineralic grains a long mineral bo und­
a ri es (Fig. 5h ). Simil a r elasts, inferred to have resulted from 
c rushing, were a lso observed in the field (Cui Zhijiu a nd 
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others, 1992). The res ults that fo ll ow, howC\'er, come from 
a na lysis ofmonomineralic g ra ins. 

Modes in the distribution of parent gra ins arc 0.063-
0.125 mm for quartz and feldspar a nd 0.016- 0.063 mm for 
chlorite (Fig. 6a). The mode for feld spa r is skewed toward 
smaller grain-sizes compared with quartz. The a\'erage sizes 
of parent g ra ins of quartz, feldspar and chlorite are 0.129, 
0.078 and 0.059 mm, respectively, while the smallest pa rent 
g ra ins obse rved were about 0.016,0.006 and 0.002 mm, res­
pecti\·ely. Although the shapes o f the size distributions of 
d aughter grains are similar to those of the respeClive pa rent 
g ra ins, there is a clear shift of about a factor of2 (1<;& ) toward 
finer grain-sizes (Fig. 6b). This refl ects the fact that parent 
g ra ins tend, most commonly, to spl it into two daughte r frag­
ments. The average grain-sizes thus decrease to 0.068,0.041 
a nd 0.024 mm, respecti\'ely. Obsen-ed daughter fragments 
can be as small as 0.005 mm for quartz, 0.003 mm for feld­
spar and 0.0014 mm lor chl or ite. 

Figure 7 shows the changes in size distribution during 
comm inution, expressed as the percentage of the total area 
of a thin sec tion occupied by grains of different sizes. Trans­
itions from net decrease to net inc rease occur at 0.125,0.063 
and 0.25 mm for quartz, feldspar and eh lorite, respecti\'Cly. 
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The largest increases arc 3.6 % a t 0.063- 0.032 mm for 
quartz, 10.9% at 0.063- 0.032 mm for feldspar and 10.0% at 
0.032 0.016 mm for chlorite. 

L et us define the crllshing filctor, C f , as the number of 
daughter grains resulting from crushing a parent. A crush­
ing factor of 2 was found [or 65.6°/', of the quartz g ra ins, 
<~7.2 % ofthe ICldspar g rai ns and 4·0.7% of the ehlorite gra i ns 
(Fig. 6e ). Crushing factors g reatcr than 5 a re most common 
for crush ing cvenls involving chloritc. In addition, for eh lor­
ite nushing factors tend to be larger for larger grain-sizes, 
whereas this is not so clea rly the case for quartz and feld­
spar. The correlation coeffic ient for the relation between Cl' 
and grain-size is 0.392 (17 = 322) for chlorite (significant at 
the 0.1 % le\'el), whereas those for quartz a nd fcldspar arc 
only 0.150 (n =270) and 0.167 (n =333), respectively. 

A Student's t-test indicates that the average sizes of par­
ent g ra ins of feldspar and chlorite with Cr = 2 are sign if­
icantl y smaller tha n the a\'erage size of t he total populati o n 
of parent particles of these mineral spec ies (Fig. 6d ). This 
property is more ob\'ious in chlorite (mean=0.033 mm, 
t = 4.89, DF = i.·51, le\'cl = 0. 1 'x., mean size of parent = 

0.059 mm ) than in feldspar (mean = 0.06+ mm, t = 2.87, 
DF = 478, IC\'el = 5% , mean size of parent = 0.078 mm ). In 
other words, small er partieles are more likely to split into 
o nl y two daughter panicles, whereas larger grains may spl it 
iIllO three or more daughter particles. This is not true of 
quartz. On the other ha nd, the a\ 'erage sizes of daughter 
g ra i I1S of the three minera ls resulting from crushing events 
yie lding exactly two particles arc not significantly different 
from the a\'Crage sizes of a ll daughter grains of these respee­
ti\'e minerals. 

DISCUSSION 

The process of comm inution in till probably starts with 
breakdown of rocks along zones of weakness, eventu a ll y 
resu lting in monomineralic grains (Fig. 5h ). These grains 
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Fig. 6. (a) Grain-size distribution qf parent particles. (b) Gmin-size distribution qf daughter particles. ( c) CrushingfactoTS, 
Cr. (d) Size distribution qf parent particles that split into exactly two daughter particles ( i.e. Cr = 2). 

are then split in to small er ones (Fig. Sa- g ), perhaps even­
tually reaching a terminal grade or crushing limit. 

The common secondary modes at 0.25- 0.125 mm in the 
grain-size distributions of quartz and feldspar (Fig. 4) come 
from the parent schists wh ich have crystals of this size. Sim­
ila rly, chlorite is relatively abundam in the 1.0- 0.125 mm size 
range because ch lorite crystals are large in the schists. 

For quartz, the greatest increase in the number of grains, 
expressed in per cent by area, occurs in the size category 
0.032- 0.063 mm (Fig. 7). Consistent with the work of Drei­
manis and Vagners (1971), this results in a mode in the 
grain-size distributions in this size range (Fig. 4). This mode, 

per cent of are. 

IH)% ,-----------------------, 

10.00/0 

-to.O% 

-H.W. 

-20.00/0 Cl quartz Oreldopor .chlorilC 

.30.00/. L-____________________ ----l 

Fig. 1 Increments qf grain-size percentage after crushing. 
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however, is not the lower limit of crushing or abrasion; 
rather it is a priferred daughter gmin-size. 

Feldspar is weaker than quartz, in part because it has 
three cleavage directions. Thus, it is crushed more readily, 
as shown by the larger changes in size distribution com­
pared wi th quartz (Fig. 7). Furthermore, crushi ng offeldspar 
yields a wider range of grain-sizes with more fin e material 
and no clearly dominant mode below 0.063 mm (Fig. 4). 

Chlorite is quite weak and has a well-developed clea­
vage. Thus, it is readily crushed. The decrease in chlorite 
grains in the 0.5- 1.0 mm size range is the largest observed 
(Fig. 7) and, consistent with grinding experiments summar­
ized by Drewry (1986), the daughter grains vary widely in 
size (Figs 6b and 7). The strong positive relation between 
er and gra in-size of ch lorite, mentioned ea rlier, reflects the 
fact that larger chlorite grains are likely to be crushed into 
many small fragments rather than fewer large ones. 

For feldspar and chlorite the maximum increases in Fig­
ure 7 appear to be in the 0.032- 0.063 and 0.016- 0.032 mm 
size categories, respectively. However, the lack of distinct 
modes at these sizes in Figure 4 suggests that these are not 
preferred daughter sizes. R ather, the preferred sizes may be 
as low as 0.016- 0.004 or even 0.002 mm (Fig. 4), and thus not 
detectable given the limits of resolution of thin sections and 
the optical microscope. 

Some failures involve detachment of one or several quite 
small fragments from the rims ofa parent (Fig. 5c and d ). 
These surficial fai lures are m ost common on larger grains. 
It is inferred that they are due to particle- particle inter­
actions that are dominated by shear forces ra ther than by 
normal forces. The term abmsion may be appropriate for this 
process, a lthough any distinction between abrasion and 
crushing is likely to be arbitrary. Micro-shears that could 
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result in such fa ilures have been observed in till in canning 
electron-microscope studies (Love a nd Derbyshire, 1985) 
a nd in optical micro cope studies using thin sec tions (va n 
der Meer, 1990; Yi Chaolu, 1992). Because such fa il ures are 
most common on la rger grains, they are mos t commonl y 
observed on qua rtz. 

CONCLUSIONS 

Minera l properties determine grain-size di stributions of in­
dividua l minera ls in till. During comminution, pa rent 
g rains of qua rtz a nd feldspa r tend to break into two daugh­
ter pa rticles of roughly equa l size, whereas chlorite g rains, 
pa rticul arly the la rger ones, break in to more than two 
daughter pa rticl es. There appears to be a preferred daughter 
g rain-size for q uartz of about 0.05 mm. In contrast, for fe ld­
spa r and chlorite the preferred d aughter gra in-size is less 
di stinct, and may be quite small as these weaker m inera ls 
are more abunda nt than quartz in the fine-silt and clay frac ­
tions. 

Fa ilures res ulting in a small number of daughter pa rti­
cles of roughl y equal size a re fa r more C0111mon than ones 
yielding seve ra l very small daughter particles and a large 
res idua l pa rent. To the extent tha t the former process is asso­
ciated with norma l stresses and the laLter with shear stres­
ses, crushing appea rs to be more common than abras ion. 
This has implications for understa nding deform a ti on me­
chanisms in ti ll. 
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