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Abstract. Quantification of granite textures and structures els of ideal, degenerate ideal granite, and two models for
using a mathematical model for characterization of graniteametasomatically transformed granites were compared using
has been a long-term attempt of mathematical geologists ovesequences of grains observed in granitic rocks of Yosemite
the past four decades. It is usually difficult to determine Valley, California (Vistelius and Harbaugh, 1980). A stock of
the influence of magma properties on mineral crystalliza-fine grained potassic granite (Meech Lake aplite) was inves-
tion forming fined-grained granites due to its irregular andtigated using a stochastic model for ideal granite (Vistelius,
fine-grained textures. The ideal granite model was originallyAgterberg, Divi and Hogarth, 1983). In all these models,
developed for modeling mineral sequences from first andViarkov properties of first and second order of granite se-
second-order Markov properties. This paper proposes a newjuences were determined from many observations and ex-
model for quantifying scale invariance properties of mineral periments.

clusters and voids observed within mineral sequences. Se- From a non-linear theory point of view, first and second
quences of the minerals plagioclase, quartz and orthoclaserder Markov properties might not be enough to fully quan-
observed under the microscope for 104 aplite samples coltify the non-linear sequence properties especially for study-
lected from the Meech Lake area, Gatineau Parkeéli@ge ing the long term memory of a sequence. Scaling issues
were used for validation of the model. The results show thathave been introduced to characterize the distributions and in-
the multi-scale approaches proposed in this paper may ertertwining properties of rock-forming minerals by means of
able quantification of the nature of the randomness of minerah Markov chain-based discrete multifractal model (Cheng,
grain distributions. This, in turn, may be related to original 1997). Fractal and multifractal models had been developed
properties of the magma. for characterizing patterns including sequences from a mul-
tiscale point of view (Mandelbrot, 1983). Examples of se-
guences and other forms of objects characterized by scaling
or scale invariance properties include clusters of words in En-
glish literature (Mandelbrot, 1983; Bohez, 1998), aggregat-

“ " . - S teins (Feder et al., 1984), gold films near the percola-
Ideal granite” modeling was proposed originally by Vis- Ing pro ,
telius in the 1960s in order to characterize granite crystal-tlon threshold (Voss et al., 1982), solar flares (Mogilevsky

lization from sequences of rock-forming minerals in granitesef aI2., 2006)|’ eé:ObSySths (Banavar gt §1|., 22007; Martir|1 et
observed under the microscope. The first attempt to formu' 0?(6)’}20u ?ugogges (Lou ar? _L|u,®007), complex
late a conceptual stochastic model for examination ofgraniticnet\’\’Or s (Kimetal., ), atmosp eric & . ncentratlon__
rocks was made in Vistelius (1966). A more precise model(.varOtOSOS etal., 2007), large events in driven nonequm.b—
of granite crystallization from magma was created later, and'Um systems (Verma et al., 2906)’_ fa.ults.on the terr(_astr_lal
this became the model for ideal-granite crystallization (Vis- planets (Schultz e.t al., 2006)’. siz€ d|str|but!ons (Ber)gwcw et
telius, 1972). Subsequently, a special version of this modef“l" 2_006)’ and vgln. systgms in gold deposit (Sasaki, 20_06)'
was developed and called the model of “degenerate” ideal ThiS paper will investigate whether sequences of ideal

granite (Vistelius and Romanova, 1976). Stochastic mod granite show scaling properties and if so how fractal models
can be used to characterize ideal granites? First, it is neces-

Correspondence taQ. Cheng sary to define several quantities on the basis of the sequences
(giuming@yorku.ca) used for ideal granite modeling that might be analyzed from

1 Introduction
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Fig. 1. Study area and sample locations in Meech Lake aplite and surrounding area (after Vistelius et al., 1983). A: Aplite; C: Carbonatite;
CS: Calc-Silicate Rock; G: Orthogneiss, Granite Pegmatite, Marble, Calc-Silicate Rock, Biotite Gneiss, Diopside Gneiss; P: Pegmatite (dash
lined rectangle shows samples with sequence data used for correlation analysis).

a scaling point of view. Next a standard deviation index will 2.1  Definition 1
be defined for fractal dimensions of mineral clusters in se-
quences. This index is demonstrated to be useful for char-.. N
acterizing granite crystallization from magma with variable Gi/en areal sequen({e, }]g'.=.1t’ i etS ?nd||]9||/|L<<1, qu;gre
viscosity. The dataset used in the paper consists of the s d={a1, az, -+, a,} Is @ finite set of real values angS||

quences from Meech Lake granite in Ottawa used originallytsn”mdshfor thﬁ S|tzhe oftrt]hel SQItShH:P.th The size of the set
for the ideal granite study by Vistelius et al. (1983). is much smaller than the length of the sequense([), so

that the sequence can be considered as a long sequence for

conducting statistical inference. A k-clusterafis defined

2 Modeling scale invariance property of finite-element  as ka;’s following one another continuously in sequence ar-
sequences ranged, as in--aja;...a;ax - - -, j, k#i. The number of ele-

ments in the k-cluster is called the length of the cluster. The

In order to quantify the scale invariance property of mineralarray between two neighboring clustersupis called a void

sequence we will introduce a few definitions and notationsof elementa;. The length of the void is defined as the num-

for modeling scaling property of a general sequences. ber of elements in it plus one. A cluster and a void with
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lengthk are denoted ag-cluster andk-void, respectively,

in the following discussion. For example, in the sequence
“..21113...7, “111" is a 3-cluster of “1”, but “11” is not :
a 2-cluster;in“...211132332112...", the sequence “32332"
is a 6-void of “1” which is the void of length 6 between a
3-cluster and a 2-cluster.

2.2 Definition 2

For a given sequen(:e}le, if the number ofk-clusters of
elementy;,N (c(a;)=k), is linearly proportional to the power
of the inverse of the length k of the clusterskast, i.e. for
any existingk with

N(c(a;) = k) oc k™% Q)

1 Smm
then the sequence is called cluster scaling invariantfor S : Ples wmieoas OGRS

denoted by CSly; is called the invariance index of cluster.
If the number of k-voidsV (v(a;)=k) is linearly proportional ~ Fig. 2. Typical Meech Lake aplite texture (Vistelius et al., 1983).
to the power of the inverse of the length k/as for any ~ Sample 73. Nichols crossed. Minerals are mostly Orthoclase

existingk (57.5%), frequently striped Plagioclase (15.6%) and irregularly
shaped Quartz (24.2%; rounded forms).
N(v(a) = k) oc k=P e

then the sequence is called void scaling invariantzfode- @ Bi
noted by VSI;8; is called invariance index of void. - Xk:k-k + zm: (m=D)-m™=L+C; ©)
2.3 Definition 3 whereC; are constants related to the number of elements be-

o ) fore the firstq; and the number of elements after the lgst
In definition 2, count the number accumulatively j,he sequence.
asV(c(a)zk) or N(v(a)=k). If the number is lin- Similar results can be obtained for the accumulative cases,
early proportional to the power of the length of the cluster CASI and VASI.
or the Iength of v0|<_j, th_en the sequence is called c_Iuster If a sequencexi}’ ,, xieS={ay. az. -, a,} shows the
accumulatively scaling invariant or void accumulatively CSI property for all elements;, and each cluster or void

. . . . 1y

scaling invariant, denoted by CASI and VASI, respectively. corresponds to finite invariance indexer 8;, respectively,

Simile;rly to qus. (l)hand (ﬁ)’fif thelseguence is CASI and then these intertwined clusters of elements can be considered
VASITor a;, then we have the formulae: as special cases of finite multifractals with measuring unit of
N(c(a;) > k) o k%' 3) cluster length (Cheng, 1997).

N(ai) = k) oc kP? (@)
o 3 Scaling properties of ideal granite sequences from
To distinguish between CSl and V&' andg; are referred Meech Lake Aplite

as the invariance indexes for CASI and VASI.

3.1 Study area and ideal granite sequences
2.4 Property 1

) L The study area chosen for this study is the Meech Lake Aplite
It for any a; in the sequende; };_,, xi€S={a1. az.---.an} i the Gatineau Park, @hec, which was studied by Vistelius
is cluster scaling invariant, ang(i=1,2,---.n) arethein- o 5, (1983) The dataset used by Vistelius et al. (1983) for
variance indexes, and then(i=1,2,---,n) are correlated  jyea| granite modeling is used in the current study. It in-
due to a closure effec)_ %:k"N(c(ai):ki):L' cludes 104 samples collected from the Meech Lake aplite.
b The study area and locations of samples are shown in Fig. 1.
2.5 Property 2 Thin sections were made from these rock samples and se-
quences of three rock-forming minerals: plagioclase, quartz
For a cluster scaling invariant and void scaling invariant se-and orthoclase, were identified under the microscope. An

quencelx;}-_ |, x;eS={a1, az, .-+, a,}, o; andp; are corre-  example of photography taken under microscope is shown

lated because far1, 2, ... n in Fig. 2. Ideal granite sequences published by Vistelius et

ZkN(C(ai) — k) + Z (m — DN ((a;) = m) al. (1983) are (“je"noted as sequences of three m_merals coded
T — as “1”, “2" and “3”, representing grains of microcline, quartz
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Fig. 3. Test for CSl and VSI for element “2” in the sequence of Sample 3. Plots show the relationships between frequency of clusters and
cluster length and between voids and void length obtained from sam§ke) 3o (C) show the results of voids for elements “1”, “2” and

“3", respectively; andD) to (F) give the results of clusters obtained for elements “1”, “2” and “3". Logarithmic transformation is 10 based.
Solid lines are fitted by means of least squares. The statistics for these plots are given in Table 1.
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Fig. 4. Test for CASI and VASI for element “2” in the sequence of Sample 3. Plots show the relationships between the accumulative
frequency of clusters and cluster length and between accumulative frequency of voids and void length obtained from $Ainipl€®)

show the results of voids for elements “1”, “2” and “3”, respectively; @njito (F) give the results of clusters obtained for elements “1”,

“2" and “3". Logarithmic transformation is 10 based. Solid lines are fitted by means of least squares.

and orthoclase, respectively. An example of a sequence ofisual sequence length for this analysis is about 1000 and
this type is there may be several subsequences. The following sequence
is an example taken from sample 3 in the paper by Vistelius

£...11,312231123321332121222,...". etal (1983).

1212112121122122121212121131211212121121212
131221221121212213112121212;2312132121211112
12212;21312122311212113212221212121212312212
12122211121212121321212121121321123211221212

In order to obtain results of statistical significance, the se-
quences should be long enough. As a rule, subsequences
separated by “;” in a sequence should be chosen as those
containing no less than 10 grains (Vistelius et al., 1983). The
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1312131211121313111312121212121;2121121212121 114
2111212112122121222321312212122123121311321,; *
12131232131211121112113113122123121213121112 115
1222112221221312121121212121212211213121121 o 1“.5
2122122123221112211311112131211211312112112 11?“.5 [}
1111212131212121212113212122121321321212121 * o2
22121212;12121212121321123121212121212121312 o
2121221121212121212121231212121221111222211 A .%95
33221;21211211211211313221121221121311212212 . . i
113111223112122;121232121213212132121111232 8 2 3 : 110
22212121212312121;21221212121221213113211212 ® 2 3 . ¥
2113121111311131311111321213121321212112131 3923 . N 2 1.4 111
12222111131121;12121213211212132121313131212 ‘= & . @ . & Ry
2121311212122121212211323213112212121312131 and p: p— 3
22213121212121311113213121212221213122121212 . " ¥ []
1332221131311213;21212121122121212221312121 > ‘ k. U
12121122121212212131212112211222122112213121 ) . 40 7q | 58:Sample No.
212121212;121222131121312121213212111312122 " -, [
131312112123113121212;1213122121322121211221 )
23112;1121111212112132313121213113131221212 = o % * a3 s ﬁ ® [ ss- 12
11211312212121113121112112212121212112312113 * : . Bl 21162
2121312112121212112131213121212; % : .. % oo
These data were used to form Markov transition probabil- . s a : B 217240
ity matrix for characterizing first and second order Markov . ® o 2 -24'9:28'1
7 L] | EREEIE
properties. From the results the samples were classified inta . Within G Var
ideal granites and non-ideal granites. The former show high - + 040082
degree of randomness in granite crystallization which might . ® & os-1a
be interpreted as the magma having had high viscosity due s : -

to relatively low concentration of calcium (plagioclase per-

centage) and high potassium and sodium concentration (or- . , ] . o
thoclase). Fig. 5. Map showing the spatial relationship between distributions

of percentages of plagioclase in granite and within-group variances
of void scale invariance indexes calculated from the sequences from
samples in Meech Lake aplite for the area indicated in Fig. 1. The

To validate the power-law models (1) and (2) with the ideal background patterns are created from the percentage values of pla-

granite sequences, the following preprocessing Calculationgioclase using inverse distance weighting interpolation method with
were conducted: ' searching distance 1.2 km, and minimum number of points 12. The

size of dots represents the level of within-group variance of void
1. Connecting all sequences observedin a Samp]e by Omitscaling invariance index calculated for three minerals.
ting “;” to form one long sequence, which is equivalent
to reading the grains of a section in a zigzag way. This
should be reasonable under the assumption that granite
textures are isotropic.

3.2 Scaling analysis of ideal granite sequences

log[N (v(a;)=k)] and logk) for void analysis, by means

of least squares. The slope of the straight-line gives

the value ofa; or 8;. Correlation coefficients and

2. To avoid edge effects, the beginning before the con- statistics related to this linear regression are calculated
sidered element appears and ending after the last con-  for validation of the power-law models (1) and (2).
sidered element disappears are regarded as two voids . i
of the element. For instance, considering grain “3” To illustrate th_e process we shqw the results _for the void and
in the sample above, “12121121211221221212121211,cluster analysis of element “2” in samples 3 in Tables 1 and
before the first “3” and “121212” after the last “3” are 2, respectively. Based on the data from Table 1 we can pro-

duce plots on log-log paper. If the values of Idgv=k)

regarded as a 27-void and a 7-void, respectively. This 4 !
g P y and logk) show linear trend then these data can be fitted

is reasonable since there is no significant error if the se=" h ot b | Th :
quence is sufficiently long. Wlt stralg .t- ines by means o east squares. The correla-
tion coefficients and t-statistics can be calculated from the

3. Linear functions are fitted to the log-transformed data, least square fittings. For example, Figs. 3b and e show the

log[N (c(a;)=k)] and log &) for cluster analysis and results for void and cluster for element “2” calculated from

www.nonlin-processes-geophys.net/14/237/2007/ Nonlin. Processes Geophys., 24623067
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Fig. 6. Plots showing the relationship between the within-group variance calculated from the scaling analysis and the percentages of plagio-
clases, quartz and orthoclase, respectivilis correlation coefficient.

Table 1. Data obtained for element “2” from sample 3 for void analysis.

Length (k>1) 2 3 4 5 6 7 8 9 10 18
Frequency [N¢=K)] 213 67 44 17 7 1 6 1 1 1
Accumulative 358 145 78 34 17 10 9 3 2 1
frequency[N¢>K)]

tionships (1) and (2) are generally hold true for the clusters

Table 2. Data obtained for element “2” from sample 3 for cluster f .
and voids of plagioclase, quartz and orthoclase. We may con-

analysis.
clude that granite sequences collected from the study area
Length (k) 1 > 3 a4 show cI_uster _scaling invariance ar_ld void scaling invariance
Frequency [N(c=K)] 296 51 11 3 properties which can be characterized by models (1) and (2)
Accumulative frequency 361 65 14 3 defined in this paper. Similar results were found to hold true
[N(c=K)] for the accumulative scaling invariance for clusters and voids

in all the samples (Fig. 4).

3.3 Variance of scale invariance index of three minerals

) . and its significance for characterizing granite crystal-
sample 3. From the plots we can see that the relationships  |ization

between logV (v(a;)=k)] and logk), log[N (c(a;)=k)] and
log(k) are Ilnef';\r. Thg data for voids in Flg. 3b' were fltted'smce the scale invariance properties of mineral clusters and
by a straight-line using least squares _W_hlch gives the estiyyigs quantified using the exponentsand 8, respectively,
mated slope = 2.45, correlation coefficieRe0.85 and - characterize the power-law distributions of the frequency of
statistics ag=4.66, respectively. The results of correlation ,sters and voids. the values of these exponentsd A
coefficient and t-statistics indicate that the linear relationship,gfiact the degrees of complexity of the distribution of miner-
between logl (v(a;)=k)] and logk) is are statistically sig- s for example, a larger value of a mineral in a sequence
nificant which implies that the p0\_/ver-law relat|o_nsh|p holds corresponds more rapid decrease of number of clusters with
true between (v(a;)=k) andk. This examplf \,/,a_lldates that — o|yster size increasing, which implies relatively more small
model (2) does hold true for the element “2” in san"‘niplne 3. clusters than large clusters of mineral grains. The smaller
Similarly we have treated the data for other elements “1" and, 5),e of¢ may, on the other hand, indicate less randomness
3" from sample 3 and the results are plotted in Figs. 3a andynq more uniform of distribution of mineral grains. There-
¢ for voids and Figs. 3d and f for clusters, respectively. In¢qre it 5 standard deviation calculated framvalues of the
the same way, the accumulative cases can be investigated g§ee minerals, it may reflect the overall heterogeneity of the
Fig. 3 shows. mineral grains. If the standard deviation is large it means that
Similar analysis was applied to all other samples and thesome minerals show high degree of randomness whereas oth-
results for CSI and VSI analyses are shown in Table 3.ers show less randomness in distribution of grains indicating
Among the 104 samples, except one mineral of five samples general constraint on the crystallization of granites. The
(98, 135, 138, 139 and 142), all other samples from the studyesults of within-group standard deviation were calculated
area gave consistent results showing that the power-law relgor all samples and the results are plotted in Fig. 5 based on
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Table 3. Results obtained for clusters and voids of elements from Ideal Granite sequences used by Vistelius et al. (1983).

\oid analysis ‘ Cluster analysis
Sample .
Minerals
1 2 3 1 2 3

No Code o R t | o« R t a R t | o« R t | o« R t o R t
1 COG-2 549 1.00 559| 2.35 0.97 11.6| 0.97 0.76 5.87| 2.77 0.97 9.43| 455 1.00 11.3
2 COG-3 443 094 6.23 254 097 114 088 0.75 550/ 280 0.88 3.72| 3.08 0.97 3.99 5.77 1 NaN
3 COG-4 472 0.99 246 0.86 4.67| 0.94 0.67 4.11) 3.32 093 4.28 3.27 0.98 7.39| 5.78 1 NaN
4 COG-5 483 0.97 239 0.97 9.90f 0.70 0.69 4.98 298 093 5.25/ 3.83 0.96 6.06] 5.42 1 NaN
5 COG-6 3.10 0.98 212 091 568 1.85 0.94 109 4.04 097 586 3.16 0.92 4.03/ 468 0.96 3.63
6 COG-7 3.18 0.92 256 0.97 9.83 201 0.89 7.19 331 0.98 6.48 3.42 095 4.36| 3.72 1 NaN
7 COG-8 3.94 097 173 088 6.67| 1.73 0.89 7.88 259 0.97 9.12| 406 0.97 3.69 3.50 0.95 4.33
8 COG-10 4.60 0.99 238 0.93 755 075 074 554 255 091 492 3.68 099 841 6.39 1 NaN
9 COG-11 416 0.94 235 095 09.69 159 0.87 7.73 283 093 433 3.20 0.94 4.92| 4.86 1 NaN
10 COG-12 3.13 0.85 254 092 6.67] 1.88 0.81 5.26 3.03 096 6.04/ 3.18 0.98 7.33 3.25 1.00 23.1
11 COG-13 3.00 0.88 266 097 123} 151 0.85 6.73 3.34 097 5.79 351 0.93 456| 3.66 1.00 13.2
12 COG-14 3.31 0.95 235 0.96 821 1.83 0.85 6.09 2.99 0.96 4.67| 298 0.96 4.93| 3.96 1 NaN
13 COG-15 3.74 0.98 256 0.96 9.04/ 1.09 0.73 4.83H 2.63 0.98 10.1] 3.77 090 2.96| 5.12 1 NaN
14 COG-16 457 0.99 2264 097 123 152 086 7.62 3.29 092 3.95 3.66 0.98 09.17| 7.31 1 NaN
15 COG-17 3.85 0.96 203 096 11.3] 145 0.85 7.10 266 0.96 8.60] 4.05 0.96 129 491 1 NaN
16 COG-18 3.99 0.98 280 098 129 1.19 0.71 492 329 095 4.37 341 094 7.75 453 0.98 4.46
17 COG-19 4.03 0.93 {245 0.97 122/ 140 085 7.82 3.04 0.94 5.70 2.86 0.96 6.54| 4.30 1 NaN
18 COG-20 3.57 0.95 5251 098 134 1.04 0.78 6.43 3.26 093 4.29| 278 0.92 5.29 4.14 1 NaN
19 COG-D-1 257 0.64 244 095 9.84/ 0.77 0.61 4.18 261 086 3.72 459 1.00 21.7
20 COG-D-2 230 0.90 5250 090 5.69 245 095 10.6] 414 0.98 8.05/ 298 0.93 5.03/ 3.28 0.97 6.05
21 COG-D-3 4.35 0.98 2211 089 587/ 1.29 080 551 283 094 578 476 0.88 1.81] 5.23 1 NaN
22 COG-D-4 5.03 0.99 3217 098 16.2/ 056 047 2.75 1.94 0.97 9.19 4.06 0.99 13.1| 5.34 1 NaN
23 COG-D-5 6.27 0.99 .22 236 097 112/ 0.82 0.63 4.10/ 239 0.96 7.43H 391 100 23.6
24 COG-D-6 4.13 0.97 2 253 097 912/ 1.33 0.73 4.47 3.16 093 4.95 3.85 0.94 399 57 1 NaN
25 COG-D-7 3.89 0.95 3 250 097 13.1 1.79 0.87 6.42 3.08 0.99 8.77/ 354 100 26.9 383 099 7.13
26 COG-D-8 2.72 0.96 239 092 572/ 141 0.81 580 296 094 4.64 252 099 114|444 097 4.20
27 COG-D-9 3.98 0.95 .39 265 098 13.4| 1.00 0.75 559 2.84 091 4.36] 292 0.95 540 4.86 1 NaN
28 COG-D-10 2.41 0.95 2251 096 939 279 095 965 502 097 401 297 094 555 3.71 092 324
29 COG-D-11 3.24 0.98 8253 098 135 167 0.86 7.36/ 3.39 097 697/ 3.13 0.96 5.67| 3.64 1 NaN
30 COG-D-12 270 0.97 4213 092 6.22/ 215 0.86 5.30 352 099 10.1| 285 0.96 7.49 3.49 092 3.39
31 COG-D-13 357 0.97 f261 095 8.76/ 213 0.92 8.52 343 1.00 149 298 1.00 17.3] 425 099 7.48
32 COG-D-14 4.64 1.00 265 096 103/ 0.71 0.61 398 254 097 7.86/ 3.03 0.99 11.3] 5.52 1 NaN
33 COG-D-15 293 0.95 250 0.97 11.1] 213 0.88 6.32| 3.26 0.96 6.32/ 3.15 0.99 16.8/ 3.35 0.97 4.38
34 COG-D-16 4.20 0.98 2,60 0.97 7.66| 095 0.81 6.97 3.06 0.95 6.19 3.27 0.99 10.7| 6.74 1 NaN
35 COG-D-17 3.04 0.94 278 0.95 7.75 197 0.88 6.09 352 0.97 553 370 0.89 269 3.78 0.99 9.93
36 COG-D-18 5.26 0.92 240 095 7.81] 1.62 0.88 823 319 097 7.49 361 097 4.24 490 094 273
37 COG-D-19 4.08 0.98 245 0.97 116 1.65 0.90 853 295 099 850 341 0.98 4.60 343 1.00 224
38 COG-D-20 4.35 0.97 ) 2.78 0.93 6.67| 0.75 0.59 3.39 256 0.89 3.47| 421 0.98 6.65 5.67 1 NaN
39 COG-D-21 5.13 0.97 236 091 6.43] 1.26 0.80 6.10 2.80 0.94 4.60/ 3.29 0.98 5.54| 7.13 1 NaN
40 COG-D-22 4.46 0.95 3.03 0.96 821 078 0.61 4.02 3.70 0.95 4.39 2.86 094 4.97| 5.00 1 NaN
41 COG-D-23 5.67 0.99 79256 099 168 0.46 043 249 267 092 533 411 096 351
42 COG-D-24 5.37 1.00 4202 094 8.70] 090 0.80 6.66| 258 0.87 4.64| 417 0.99 6.23
43 COG-D-25 3.47 0.93 261 096 9.8 1.65 092 957 279 096 4.86 3.70 095 551 3.74 1.00 17.7
44 COG-D-26 3.93 0.93 25293 096 9.29 0.63 0.59 3.62 3.09 090 405 3.01 0.89 3.40
45 COG-D-27 356 0.95 5258 096 9.48 134 0.88 899 3.05 096 7.41 3.72 0.95 5.03/ 451 099 7.45
46 COG-D-28 3.88 0.97 3.04 096 814/ 082 067 466 3.06 0.86 290/ 2.67 100 19.3] 4.98 1 NaN
47 COG-D-29 3.43 0.95 4262 099 16.2/ 0.98 0.85 8.12 2.78 0.93 5.74| 281 0.97 6.11] 5.85 1 NaN
48 COG-D-30 3.98 0.95 244 094 811 0.72 0.72 539 261 0.88 4.04/ 295 0.96 5.84 4.72 1 NaN
72 COG-D-78 4.33 0.97 4241 097 10.6 1.00 0.76 5.1 3.08 0.95 6.28/ 2.89 0.96 7.10| 6.88 1 NaN
73 COG-D-79 339 094 282 094 7.04 1.03 0.71 468 298 097 8.68 267 091 3.88 4.91 1 NaN
74 COG-D-80 4.87 0.95 8213 098 144 097 0.73 5500 2.68 094 552 288 0.97 6.11] 5.06 1 NaN
75 COG-D-81 3.97 0.98 4244 096 9.45/ 1.43 0.87 758 357 092 395 298 097 7.11] 467 1.00 33.1
76 COG-D-82 4.04 0.95 6261 091 582 055 059 4.26| 277 091 441 291 0.96 7.04| 6.08 1 NaN
77 COG-D-83 3.75 1.00 .2.88 0.98 126/ 0.37 0.37 208 2.81 0.95 545 268 0.99 9.02
86 COG-F-1 275 0.94 34211 097 115/ 233 0.92 833 2.74 094 4.06/ 265 095 6.00 4.88 0.98 5.40
87 COG-F-2 354 0.96 12232 097 117/ 1.83 0.84 6.05 296 097 5.25/ 3.22 095 531 482 1.00 145
88 COG-F-3 4.79 0.96 .84 252 099 168 0.60 055 347 197 100 18.8| 2.72 0.93 3.63
89 COG-F-4 3.07 0.89 2225 095 0986/ 1.71 085 6.09] 296 0.95 5.20/ 3.15 095 6.08 3.66 0.97 3.71
90 COG-F-5 3.37 0.97 209 093 7.03] 1.63 0.85 595 320 098 7.28 287 0.93 552 3.73 1 NaN
91 COG-F-6 379 0.97 383255 092 5095 1.18 0.85 6.58 257 091 3.74/ 3.17 0.99 7.78 4.79 1 NaN
92 COG-F-8 5.02 0.92 8252 095 938 081 0.74 567 2.89 093 6.48 4.10 0.90 2.88
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Table 3. Continued.

Void analysis ‘ Cluster analysis
Sample -
Minerals
1 2 3 1 2 3
No Code o R t o R t ] o« R t ] o« R t ] o« R t ] o« R t

93 COG-F9 427 0.97 .83 184 091 7.03] 1.27 081 6.49 254 090 553|352 097 373 450 0.99 7.48
94 COG-F-10 3.19 0.99 4285 097 915 152 087 6.97 3.06 097 7.17| 3.06 0.99 8.80 420 0.99 9.68
95 COG-F-11 410 091 4.303.02 092 595 091 0.65 437 3.05 085 278/ 3.19 0.96 491 4.29 1 NaN
96 COG-F-12 516 0.98 4205 093 7.74 116 0.74 521 253 094 7.34| 346 1.00 127/ 4.98 1 NaN
97 COG-F-13 6.27 0.98 241 096 9.62/ 0.80 0.74 562/ 239 094 550/ 430 0.94 271 5.48 1 NaN
98 COG-F-27 4.95 0.98 3.30 097 9.13/ 017 0.22 1.18 280 095 6.37| 3.88 0.96 5.69 5.25 1 NaN
99 COG-F-16 3.15 0.97 244 097 124 189 093 9.78 349 096 6.26| 2.83 0.97 7.96/ 415 1.00 28.2
100 COG-F-17 4.84 0.94 2,76 097 10.8/ 1.07 0.68 4.39] 3.20 0.88 3.13| 298 1.00 38.7| 5.94 1 NaN
101 COG-F-18 3.78 0.95 246 096 953 141 086 7.95 3.10 094 547 3.77 093 351 457 100 352
102 COG-F-19 3.83 0.96 261 096 986/ 191 089 7.92 332 096 4.82| 337 093 3.62 409 099 7.07
103 COG-F-20 3.41 0.96 2.67 093 6.64 096 0.72 5.16/ 3.25 093 559| 3.34 094 4.02 4.16 1 NaN
104 COG-F-21 6.12 0.97 2.68 096 9.89 045 0.38 233 272 090 4.69| 444 095 311

105 COG-F-22 352 0.95 265 096 9.18 1.88 0.85 6.90| 3.80 0.93 4.34| 285 0.96 6.90| 4.36 1 NaN
106 COG-F-24 4.42 0.98 245 097 105/ 1.29 080 6.41] 3.16 0.88 3.16| 3.62 0.99 9.98| 4.77 1 NaN
107 COG-F-25 4.32 0.95 288 0.97 956| 1.27 080 562 345 095 6.00| 3.34 0.95 5.22| 4.39 1 NaN
108 COG-F-26 3.96 0.86 268 095 7.76/ 0.96 0.79 6.49] 3.14 095 6.11| 293 0.97 7.92| 4.36 1 NaN

109 COG-F-28 586 096 561346 098 13.2/ 057 053 3.36 340 0.97 7.58| 3.60 0.97 3.84
110 COG-F-29 3.68 0.98 241 091 569 168 090 852 354 097 6.07| 284 0.96 7.06 4.58 1 NaN
111 COG-F-30 4.92 0.95 50190 0.93 8.44 0.71 0.67 4.65 2.02 089 519|333 097 6.21] 6.44 1 NaN
112 COG-F-31 4.40 093 583312 097 891 1.03 0.73 521 324 095 4.15| 327 0.89 2.80 4.82 1 NaN
113 COG-F-32 4.74 0.98 246 095 9.71] 1.08 0.83 7.74/ 273 092 525/ 353 098 09.64
114 COG-F-33 3.36 0.99 153 0.88 7.05 232 095 111 3.08 094 554|290 0.88 267 3.43 098 8.77
115 COG-F-34 3.03 0.99 1.83 0.95 9.69] 253 0.95 8.28 3.12 1 NaN| 3.58 1.00 12.8/ 3.02 0.96 4.64
116 COG-F-35 3.02 0.92 0.87 0.81 6.25/ 342 096 8.76] 427 099 8.79| 270 0.97 6.45 273 0.89 4.45
117 COG-F-36 2.89 0.96 129 089 7.63 235 0.83 4.78 3.64 098 753|281 095 6.06] 3.02 0.92 4.02
118 COG-1 419 0.97 5155 093 9.60 1.67 094 10.7) 249 0.95 6.84 3.65 0.99 941 472 098 5.29
119 COG-D-37 5.16 0.89 223 091 716/ 136 0.85 751 284 094 6.88) 280 0.99 6.35 4.14 1 NaN
128 COG-D-46 4.92 0.96 220 097 117/ 096 0.79 6.51 289 0.87 4.04/ 354 097 539 438 095 292
129 COG-D-47 4.27 0.96 239 098 129 125 0.85 7.45 244 097 6.14| 3.32 0.95 550/ 6.02 1 NaN

130 COG-D-55 4.07 0.95 8268 095 821 124 0.77 551 315 094 551 335 0.95 5.27| 4.99 1 NaN
133 COG-D-68 5.22 0.99 3284 094 786/ 066 057 356/ 292 091 452|370 0.96 4.56| 532 1 NaN
134 COG-D-69 5.00 0.98 5287 096 8.87 061 055 359 3.06 091 492|346 098 6.28 6.27 1 NaN

135 COG-D-70 5.29 097 7.323.00 094 7.27 001 0.00 0.01f 285 0.86 3.37| 3.58 0.98 8.32
136 COG-D-71 5.04 0.97 73249 094 8.03 069 0.68 4.29 220 092 542| 3.74 095 4.12 4.27 1 NaN
137 COG-D-72 553 0.97 4229 091 6.03 061 061 429 235 0.86 3.74/3.74 089 278
138 COG-D-73 4.12 0.97 90267 099 154/ 021 011 061 278 095 591|298 097 6.51
139 COG-D-74 5.74 0.90 4290 097 10.1] 022 0.29 1.50[ 2.74 090 4.98| 241 094 2.87
140 COG-D-75 2.83 0.94 5346 096 791 1.25 0.85 6.22] 3.74 098 7.84| 3.23 0.91 4.39 5.00 1 NaN
141 COG-D-76 4.96 0.97 251 095 7.70, 0.81 0.79 6.36| 263 0.89 3.93| 3.95 0.96 4.84| 5.48 1 NaN
142 COG-D-77 5.19 092 396324 093 6.22/ 015 0.05 0.26/ 296 0.90 4.16| 3.45 0.97 5.93
143 COG-D-86 4.14 0.98 8.41329 097 106 0.76 0.62 3.70] 3.48 0.96 594|285 098 6.61
144 COG-D-92 5.04 0.97 3.14 069 856/ 1.04 0.74 5.15 358 097 554|375 097 572 524 1 NaN

Note: The cells with NaN or cells as blanks represent the situations that only one or two lengths of clusters of minerals for which it can not
fit with linear function.

the samples in the rectangular area in Fig. 1. The levels otoefficientR=—0.696 implying a statistical significant corre-
within-group standard deviation are represented proportionalation between the standard deviation and the percentage of
to the size of the dots. A visual comparison of within-group plagioclase. Similarly, the results calculated for orthoclase
standard deviation ai-value (represented as dot size) with and quartz show that the standard deviation-@hlue is neg-

the percentages of plagioclase (represented as color patternadively correlated with percentage of quartz and positively
clearly demonstrates that the standard deviation is negativelgorrelated with the percentage of orthoclase. This discovery
correlated to the percentage of plagioclase. Similar resultss interest since it may represent overall influence of viscosity
were obtained by plotting the standard deviatiovefalue  of the magma on randomness of crystallization. Comparing
against the percentages of plagioclase as a scatter plot showhe results obtained with standard deviation of thealue

in Fig. 6a. Figure 6a shows a clear trend with a correlationwith those with first or second-order Markov model, one can
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Table 4. Summary table providing statistics obtained from all samples from the Meech Lake aplite.

Ideal Granite Non-ideal Granite
1
Genera Second Order
First Order Markov Chain
Markov Chain
Number of
104 83 9 12
samples
Minerals 1 2 3 1 2 3 1 2 3 1 2 3
Average 415 2.50| 1.24| 4.23| 2.49| 1.16| 4.29| 2.60| 1.27| 3.44| 2.44| 1.73
SDV 0.90| 0.41| 0.61| 0.90| 0.44| 0.61| 0.64| 0.32| 0.43| 0.79| 0.26| 0.58
1.54
Average of 1.29
within-group 1.51 1.20
1.58
SDV 1.25

see that the discrimination of ideal and non-ideal granites arestatistical correlations with the percentages of these minerals
not clearly separated in the distribution of standard deviation(positive correlation for orthoclase, and negative correlations
of thea-value. This might indicate that the influence of vis- for plagioclase and quartz). Therefore, standard deviation
cosity of magma may not be significant on the near neighbordefined in the paper might be an effective index for charac-
ing grains of minerals which are related to low-order Markov terizing the nature of randomness of crystallization of gran-
properties, but it might be significant on distant neighborsites.
showing long term non-linear memory. This type of long
term non-linear memory might be detectable using a multi-acknowledgementsThis research is sponsored by National
scale approach as introduced in the current paper. Althougiiatural Science Foundation of China (40373003, 40502029 and
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might be applicable to other types of sequences such as DNAN anonymous reviewer are thanked for their critical review of the
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