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Abstract. The 1-bunt Stuart batholith is a Late Cretaceous calc-alkaline pluton · 

. canposed of intrusive phases ranging in canposi tion fran two-pyroxene gabbro 

to granite. This batholith appears to represent the plutonic counterpart of 

the high-alumina basalt association. Mineralogical, petrological and chrono­

logical characteristics are consistent with a m:::rlel in which the intrusive 

series evolved fran one batch of magnesian high-alumina basalt by successive 

crystal fractionation of ascending residual magrna. 
' 

canputer m:::rleling of this intrusive sequence provides a quanti-

tative evaluation of the sequential change of magrna CCIIlfX)sition. These 

calculations indicate that this intrusive suite is consanguineous, and that 

subtraction of early-fonned crystals £ran the oldest magrna is capable of 

reprcducing the entire magrna series with a remainder of 2-3% granitic 

liquid. Increasing f()tash discrepancies prcduced by the rrodeling may reflect 

the increasing effects of volatile transfer in progressively rrore hydrous and 

silicic melts. 

Mass-balances between the arrounts of curn-ulate and residual liquid 

ccnpare favorably with the observed arrounts of intenrediate rocks exposed in the 

batholith, but not with the mafic rocks. Ma.fie cum: ulates must lie at depth. 

Mafic magmas probably fractionated by crystal settling, while quartz diorite 

and rrore granitic magrnas underwent a process of inward crystallization producing 
exposed 

gradationally zoned plutons.Aat present erosional levels. 
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IN'IIDOOCTION 

1. Geologic Setting 

Cale-alkaline igneous intrusions in Washington State (USA} are exposed along the 

N-S axis of the Cascade Range and in north-central Washington (Fig. 1) • The 

excellent exposures and rugged relief of the Cascade Range facilitates detailed 

studies of the structural and petrological character of these plutonic rocks. 

The Mount Stuart retholith (1-3) and its outlying stocks are exposed 

over rrore than 500 kn? in the central Cascades (Fig. 1). They have invaded ~f;f j__ 

Chiwaukum Schist (1, 6, 7) ,a :rrajor pre-Cretaceous unit of the North Cascades, and a 

·· Jurassic ? :rraf ic-ul trarnaf ic canplex ( 1, 8, 9) • All of these plutonic rocks are 

cut by several generations of :rrafic Tertiary dikes within the study area. The 

ba.tholith and its host rocks canprise the Mount Stuart horst, a N-W trending 

early Tertiary structure (Fig. 1). This horst is bounded on the west by the 

Deception-Straight Creek fault (1,10,11), and on the east by the Leavenworth 

fault and Chiwaukum Graben (12). The southern margin of the horst is defined 

by arcuate zones of shearing within the rerpentinized :rrafic-ultramafic rocks. 

2. Methods of Study 

Nearly four canplete field seasons were spent in the Mount Stuart area, 1970-73. 

Major elem211t analyses were perfonned on 93 rocks fran the ba.tholith using 

atanic absorption techniques (13,14)~ Analytical standards included seven Mount 

Stuart rocks independently analyzed by Dr. Noman Suhr ( Pennsylvania State 
. ( /Ip) 

University) and U.S. Geological Survey stan.,jards. All oxides detennined are 
.A 

believed to be within 2-3% of the arrount present. Each analyzed rock represents 

a horrogenized canposite of 4-5 kg, fran which O. 25 g was used for fusion. The 

petrography of rrore than 400 thin sections was studied in detail, with point 

counts exceeding 1500 points (17) • Additional chemical data incorporated 

1 Complete analytical data is available on rra.gnetic tape in file PE:I'ROS (15) 

I 
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in this study was gathered by Pongsapich(l8), particularly his microprobe 

analyses of Mount Stuart minerals, and by Smith (3). 
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GENERAL CHARACTERISTICS OF THE MXJNT STUART 13.t\THOLI'IH 

K/A dating of coexisting biotite-hornblende pairs in the ba.tholith and the out-
. b<,t -:..._ l t9) 

- I . 

lying Beckler Peak Stock\ has established a Late Cretaceous age of crystaliization, 

88 + 2 m.y. {19). Additional exploratory dating has been done (19-22). C-,; -2 
-.~rl 1-? 

Evidence of igneous origin and multiple enplacerre:nt is inferred fran: 

1. Detailed mapping of systenatic cross-cutting relationships; 2, The chemical 

and mineralogical harogeneity of intrusive phases carprising the batholith; 

3. Flow-foliation which is parallel to intrusive contacts; and 4. Rock canposi­

tion, mineralogy and texture (23). Intrusive units range in size £ran small 

plugs and dikes to plutons canprising large portions of the ba.tholith (Fig. 2). 

The largest plutons exhibit carpositional zoning. Cognate mafic inclusions, 

transfonred by varying degrees of recrystallization, appear in all but the rrost 

leucocratic intrusives. 
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r.bst r.bunt Stuart roc:ks are foliated (Fig. 2). Foliation is largely 

the result of flow alignment of early-formed hornblende and plagioc:lase, rarely 

biotite. Protoc:lasis is loc:ally developed adjacent to pluton ma.rgins. The 

overall structural fabric of individual plutons resembles gneiss dares. 

Eirg?lacement of the ba.tholith as a whole was strongly controlled by 

the structures of the enclosing Chiwaukum Schist. This is suggested by the 

elongation of the ba.tholith parallel to foliation and caupositional layering 

within the schist. Drplacement began as ma.fie rnagrras invaded host roc:ks in 

the Icicle Ridge area. The ~vard rrovement of successively younger ma.grrasJ 

generated by fractionation at depth, stoped and dismembered older plutons. 

They rose as dike-like intrusives and semi-crystalline diapirs, progressively 

wedging apart the Chiwaukum Schist along its N-W trending structural grain. 

The rrotions of these rnagrras are defined by flow-foliation patterns within them. 

Sma.ller1 :rrore granitic stoc:ks rose forcefully within their host plutons. Their 

hosts were, in sane cases, incanpletely crystalline as indicated by the stretch­

ing of cognate inclusions. 

Pelitic schists and ultrarnafic contact roc:ks contain key assen­

blages for assessing the P-T conditions of contact rnetarrorphism. Frost (8) 

suggests that T exceeded 725 °c adjacent to quartz dioritic rnagrras. Coexist­

ing sillimanite-andalusite-staurolite (7} indicate that pressures at the 

present erosional level were less than 4 kb (24-26). 

INTRUSIVE SERIFS OF THE MXJNT S'IUARI' BATHOLITH 

.1 • Introduction 

The intrusive series of the ba.tholith ranges fran two-pyroxene gabbro (norite) 

systematically through mineralogic varieties of gabbro, diorite, quartz diorite, 

granodiorite to trondhjemite and granite (Figs. 3,4). The proportions of these 
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rocks are given in Table 5, Column 3. Aco:mD..Ilate rocks include varieties of 

pyroxenite, hornblendite, and ma.fie gabbro, s:ne containing olivine. The 

youngest phases include aplite and granite pegrnatite. Hornblende-and plagio­

clase•enriched rocks occur at several stages within the intrusive suite and are 

spacially associated with their inferred parental rocks. 

Mafic minerals and plagioclase exhibit systematic changes in their 

caTipOsition, and their sequence of crystallization1 throughout the rock series 

(Figs. 5,6). Of particular int~est is the early appearence of hornblende 

in the paragenetic sequence, an indicator of the minimum water content of 

their host magma. 

2. Ultramafic and related rocks 

A variety of medium-grained hornblende and pyroxene-rich rocks occur within 

the Icicle Ridge area (Fig. 2), although srrall b::rlies of these rocks are 

found locally throughout the batholith. All these rocks differ markedly in 

ca11p0sition, mineralogy, and texture in canparison with the ultramafic wall 
rocks 

rocks (1, 7-9,18). Tv;o groups of Mount Stuart ultramafi'?\have been identified. . : ii 
'I J 

They differ primarily in their mineralogy, occurrence, 

All are J)CX)r in olivine. 

.-, I'') ~ 
and relative ages. /)-['-" 

~· 
The first group contains various proportions of brown hornblende, 

orthopyroxene, clinopyroxene, plagioclase, minor olivine, and opaques (Table 1). 

These rocks occur mainly as scattered inclusions in gabbro and diorite in the 

Icicle Ridge area (Fig. 2). Orthopyroxene and plagioclase in these inclusions 

are slightly rrore iragnesian and calcic, respectively, canpared to these same 

minerals in their host rocks. Accordingly, this group of ultramafic rocks is 

considered to have formed by segregation of early-formed minerals of their 

hosts, and are cun[ulates. No cur(ulate textures "'1'ere recognized. Olivine 

{Fo 77) is found in sarrple 299 (Table 1) , where it is surrounded and partially 

replaced by orthopyroxene (En 77). r.bst of these rocks 



80 

70 
a: .. .::.:. a. 

(.) .. , ., .. 
w 

"' 0 
a: 0 ., N .. w .. 

., .. a: - -· 0 ... .. . (/) -, ;• 0 0 :, 

0 Ii, w 0 -· C " ID :c ~ ... e' z .. ., . w ., .... ~' :, 
60 a. 0 

T 
ID .. 
z a. 
a: 0 

C\I 0 
0 .. , :r 

en z .... 
"' z 
)( w C 

'cf:- 0 )( l 
a: 0 
> a: ,, 
a. > 

50 0 a. 
:r "' 0 .. 

~I~ a: > ., 
0 - 0 ., 

0 

Fig. 5. Paragenetic sequence of the Mount Stuart 
intrusive series. Post-magmatic minerals include 
cumm,.._ ingtonite (cum) and tremnlite (trem) ...., 



Or 

• R,m 

:, Corf' TPG 

Hcrnb!f'n(le , o I 

0 GA TPG 
0 GO 

Ab An 
X 
-; 6!) ... 
+ 
"' ~ 

" "' 
~ 

, 
Ca 

" \ ·- ---- -

~ 
Pyro11.enes 

554-----.-----.-----,-----, 
TPG HHB00 ..... . 

Mg Fe 
70 60 Yo Si0 2 Host Rock 

50 

Fig~ 6. Analyzed minerals from the ~aunt Stuart intrusive series. 
Symbols as Fig. 3. Large dots are optical determinations by author, 
small dots and hornblende compositions fror.i Pongsapich(l8) 



Table 1. Representative ultramafic rocks of the 11ount 
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otherwise im~ersion oil techniques were used 
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arrounts 
have undergone various of recrystallization, and possibly sare 

A 
primary olivine has recrystallized to orthopyroxene. 

The second group is characterized by the predanin~nce of olive­

green hornblende and contains variable arrounts of plagioclase, minor opaques 

and biotite. Sample 182 (Table 1) is representative of this group. These rocks 

occur as vein-like networks in quartz diorite and diorite, but their relative 

age ccmpa.red to their host is inconclusive. Hornblende is optically similar 

to the hornblende of their hosts. These 'veins' may represent hornblende-

enriched residual liquids. 

sequence (Fig. 3). 

3. Ma.fie rocks 

This origin is consistent with the paragenetic 

A large intrusive cauplex of ma.fie rocks underlies Icicle Ridge (Fig. 2). 

Sma.ller scattered lxx:lies occur throughout the batholith, nostly along its 

contacts. Similar rocks have been identified in outlying stocks, such as 

at Big Jim M:mntain, irrmed.iately north of Icicle Ridge (7). .Mineralogic 

varieties of gabbro, diorite, and ma.fie quartz diorite have been recognized. 

These include, in order of decreasing age, two-pyroxene gabbro (TPG), 

hypersthene-hornblende diorite (HHD), hornblende gabbro, and hypersthene­

hornblende-biotite quartz diorite (HHBQD) (Fig. 3, Table 2) • The nost notable 

characteristic of these rocks is their high magnesium content, manifested by 

the predan:inance of orthpyroxene over augite (al:x:>Ut 3:1) and the presence of 

brown hornblende. These rocks typically contain secondary cumningtonite 

replacing hypersthene, and augite cores in sare hornblende are replaced by 

trerrolite-actinolite. Hornblende crystallizes relatively late in TPG, but 

fonns at progressively earlier stages in succeedingly younger ma.fie and inter­

rrediate rocks. 
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Table 2. Mean composition of major intrusive phases of the Mount Stuart batholith1 

Two-pyroxene gabbro _Hypersthene-hornblende Hornblend.e gabbro 2 

diorite 

a- SEH er SEH er SEH 
Si02 52.83 0.81 0.36 54.67 1.09 0.30 48.51 0.93 0.46 
A12o3 16.69 0.91 0.41 16.73 1.09 0.30 17.48 1. 93 0.96 
Fe2o3 3.39 0.40 0.18 7.20 o. 77 0.21 8.59 1.58 0. 79 
MgO 9.74 1. 72 0. 77 7.64 1.49 0.41 9.46 3.09 1.54 
Cao 8.15 0.14 0.06 7.88 0.47 0.13 10.09 1.13 0.56 
Na2o 3.24 0.27 0.12 3.52 0.28 0.08 2.70 0.54 0.27 

,K20 0.26 0.08 0.03 0.52 0.14 0.04 0.19 0.03 0.01 
Ti02 0.83 0.08 0.03 0.79 0.10 0.03 1.07 0.05 0.02 
MnO 0.16 0.00 0.00 0.13 0.02 0.00 0.16 0.05 0.02 

Total 100.28 99.08 98.24 

Number 
of analyses 5 13 4 

Q o. 01. 3. 9 7 0.00 
C 0.00 o.oo 0.00 
Or 1.54 3.12 1.15 
Ab 27.49 30. 2 J 23.39· 
An 30.33 28.72 35.36 
Di 6.53 7. 06 9.9:i 
He l.65 1.67 2.34 
En 21.31 16.03 10.18 
Fs 6.16 4.34 2.75 
Fo ·0.00 o.oo 6.54 
Fa o.cio 0.00 1 c·· • ., !:, 

~.Jo 0.00 0.00 0.00 
~1t 3.39 3. 3 7 3.82 
11 1.58 1.52 2.08 
Hm 0.00 o.oo 0.00 
Ru 0.00 o.oo 0.00 

i-~orm Plag 52.44 48.73 60.52 
D.I. 29.06 37 ,'29 24.54 
c. I. 40.61 33.99 39.59 

Volcanic High-alur.iina basalt High-alumina basalt High-alumina basalt 
equivalent K-p-oor series average series average series 

1 ··:can conJositions based u:)0:1 172 anal::·ses (tliE: r1ut:1or, 3,P}), total iron as fe20J, 
all values i11 wein,ht percent except star,dar<l :.!eviation (er) and standard error or 
the nean (S:C?·f). norn calculations anJ volcanic rock tcr;ninolozy after Irvine 

(
and B~ra~ar (27). DI= Differentiation index, CI= Color index, Volume proportions 

appear in Table 5 
2 Position of hornblende gr1bbro in th~ intrusivP series is inconrlusive 



Table 2 Cont. 

Hypersthene-hornblende­
biotite quartz diorite 

56.89 
16.66 

6.28 
6.15 
6.96 
3.73 
0.97 
0.85 
0.12 

98.61 

er 
1.67 
1. 90 
1.60 
1.82 
0.67 
0.52 
0.38 
0.17 
0.03 

25 

7.89 
o.oo 
5.84 

32.13 
26.32 
5.89 
1.13 

12.36. 
2.33 
o.oo 
o.oo 
0.00 
3.47 
1.64 
o.oo 
o.oo 

45.03 
45.35 
27.S3 

SEH 
0.33 
0.38 
0.32 
0.36 
0.13 
0.10 
0.08 
0.03 
0.01 

High-alumina basalt 
average series 

Main-phase 
Quartz <liorite 

Cj"' SEN 
62.29 2.69 0.32 
16.43 0.66 0.08 

4.58 0.89 0.11 
3.71 1.15 0.14 
5.26 0.80 0.10 
3.98 0.20 0.02 
1. 63 0.30 0.04 
0.66 0.14 0.02 
0.08 0.02 o.oo 

98. 62 

69 

16.6'f 
0.00 
9.80 

34.23 
22.52 
2.32 
o.:w 
8.08 
1.11 
O.OG 
o.oc 
0.00 
3.13 
1. 27 
0.00 
0.00 

39. 70 
60.67 
16.82 

High-alumina ande~ite 
averar,e series 

Rapiil River 
Leucoquartz diorite 

er SEM 
68.49 1. 93 0.64 

· 15.90 0.38 0.12 
3.37 0.86 0.29 
1. 63 o. 7 5 0.25 
4.20 0.46 0.15 
3.82 0.59 0.19 
1. 77 0.41 0.14 
0.38 0.14 0.05 
0.07 0.01 o.oo 

99.62 

9 

28.02 
0.06 

10.52 
32.49 
20.94 
0.00 
0.00 
4.08 
0.41 
o.oc 
0.00 
0.00 
2.74 
0.72 
0.00 
o.oc 

39.20 
71. 03 
7.96 

Tholeiitic ~ndesite 
averar,e series 
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Table 2 Cont. 

Stevens Pass 
Gr.:inodiorite Biotite granodiorite I3iotite trondhjemite 

er SEM v SEM a- SEM 
66.62 2.20 0.47 74. 77 0.23 0.13 72.57 0.92 0.46 
15.S9 0.50 0.11 13.58 0.30 0.17 15.05 1.18 0.59 

3.57 0.38 0.03 1. 76 0.24 0.14 1.39 0.50 0.25 
2.39 0.64 0.14 0.65 0.12 0.07 0.45 0.19 0.09 
4.09 0.59 0.12 1. 95 0.13 0.07 2. 75 1.03 0.51 
3.92 0.23 0.05 3.94 0.39 0.22 5.07 0.57 0.23 
2.29 0.31 0.07 3.07 0.34 0.20 2.22 0.50 0.25 
0.52 0.13 0.03 . 0.17 0.06 0.03 0.15 0.13 O.OG 
0.09 0.14 0.03 0.05 0.01 0.00 0.04 0.01 0.00 

99.39 99.93 99.70 

22 3 4 

23.09 34.97 28.51 
0.00 0.23 0.00 

13.65 18.17 13.17 
33.42 33.30 43.03 
19.14 9.68 11. 78 

0.99 0.00 1.48 
0.03 0.00 0.00 
5. S'f 1. 62 0.4'1 
0.19 0.00 0.00 
0.00 0.00 o. 0( 
0.00• 0.00 o.oc 
0.00 0.00 o.oc 
2.95 0.00 0.00 
0.99 0.28 0.08 
0.00 1. 67 1.39 
0.00 0.02 0.10 

36.40 22. 50 21.50 
70.16 86.50 84.71 
10.69 3.57 3.40 

High-alumina andesite Dacite Dacite 
average series avera~e series K-poor series 
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Aplite, q_uartz monzonite, 
granite 

76.24 
13.30 

0.67 
0.10 
1.17 
3.80 
4.21 
0.14 
0.03 

99.65 

(J" 

0.97 
0.51 
0.29 
0.07 
0.42 
0.51 
0.90 
0.14 
0.01 

35.47 
0.36 

24.9q 
32.26 
5.82 
0.00 
0.00 
0.25 
0.00 
0.00 
0.00 
0.00 
0.00 
0.06 
0.67 
0. JI 

15.30 
92.72 
0.99 

11 

SEN 
0.29 
0.15 
0.09 
0.01 
0.13 
0.15 
0.27 
0.04 
0.00 

Rhyolite 
K-poor series 
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Hypersthene-hornblende diorite {HIID) is the rrost abundant rock in the 

ma.fie canplex. The younger hypersthene-hornblende-biotite quartz diorite (HHBQD) 

forms a discontinuous shell surrounding the main-phase quartz diorite (MPQD). 

No field or chemical evidence exists for extensive assimilation of 

these older ma.fie rocks by younger intrusive phases, although they have locally 

been intensely dismaubered. The p:::>sition of hornblende gabbro within the 

intrusive sequence is inconclusive. It is characterized by the presence of 

bra.,.m oornblende and contains nurrerous hornblende-rich clots. 

4. Quartz diorite, granodiorite, trondhjemite 

Foliated quartz diorite and granodiorite comprise 85% of the batholith (Fig. 2, 

Table 5). Distinctive mineralogical, textural, and canpositional varieties of 

these rocks have been distinguished. 'I\..;o of the largest plutons, the main-phase 

quartz diorite and the Rapid River leucoguartz diorite, exhibit gradational 

canp::,sitional zoning. 1-bre ma.fie and calcic quartz-dioritic margins grade 

inward into varieties of granodiorite, and locally leucogranodiorite(Fig. 2). 

H~ver, distinct plutons of granodiorite and leucogranodiorite with intrusive 

contacts also exist. The mineralogical and canpositional variations of these 

rocks corresp:::>nd to different ratios of hornblende to biotite, p:::>tassium 

feldspar to plagioclase, and variations in their quartz content (Fig. 4, Table 2). 

Pongsapich (18) recognized that Mg/Mg+Fe zoning in hornblende in quartz-diorite 

and granodiorite resulted fran the simultaneous crystallization of biotite with 

oornblende rims. Mg/Fe partitioning between the ~ minerals caus~ the 

hornblende rims ,to becane progressively rrore ma.gnesia, (Fig. 6). Hornblende is 
noticeably 

not zoned in rrore ma.fie rocks; where biotite is absent or fonns late. 
/\ 

Andesine leuccquartz diorite is an unusual rock found as dikes in 

MPQD in the Icicle Creek valley and to the south. Apparently, it is a type of 
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ma.fie depleted residual liquid of fractionated MPCO rna.gma. 

Biotite trondhjemite occurs as stocks and dikes on Fre..."'lch Ridge 

(loc. 444,Fig. 2) and northwest of Lake Valhalla (loc. 247). These stocks have 

nurrerous apophyses extending outward fran their margins, which are in turn cut 

by aplite swarms. Typically, biotite is the sole ma.fie mineral. 

5. Aplite, granite, pegrn,3.tite 

This group of rocks forms sill-like sheets, dikes, en echelon fracture fillings 

and srna.11 plugs. They rrost ccmronly are associated with granodioritic rocks but 

also rna.y be found in quartz diorite. Several episodes of aplite injection, with 

very minor differences in bulk canposition and mineralogy, can be recognized. 

~1iarolitic cavities are present in sare granites and peg:rn,:3.tites indicating the 

presence of a late fluid phase. All gra.iitic rocks consist of proportions of 

auartz, sodic oligoclase, microperthitic orthoclase with an internaliate struc­

tural state, chloritized biotite and occassional secondary muscovite, schorl, 

rose quartz, epidote, spessartite, pyrite and chalcopyrite. Crude mineralogic 

zoning appears in sare pegmatite dikes. 

PETRCCHEMICAL REL.2\.TIQ.~SHIPS 

Chemical variations of the ~bunt Stuart intrusive series (Figs. 7, 8) correspond 

to trends typical of calc-alkaline rna.gma suites with two praninent exceptions. 

The soda/potash ratio maintains relatively high levels throughout the series in 

canparison with other magma suites. This is reflected in the typically higher 

ratio of sodic plagioclase to potash feldspar, and is related to initial lCM 

levels of potash in the inf erred parent rna.gma. The sum of the alkali oxides 

is similar to other batholithic suites. The alkali-lirrE index was determined to 

be 62 ::!:_ 1% Sio2 , interrrediate between the Idaho and Sierra Nevada 5uites, 

60 and 60.5% Sio2, and the Sno::yualmie and Southern Califor.ni.a suites , ooth 
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63.5% Si02 (28-30). 

The second unusual characteristic is the high magnesium level of the 

mafic and intenred.iate rocks of the ?-bunt Stuart series (Figs. 8,9). These rocks 

are rrore rnagnesian than corresponding rocks of other intrusive and volcanic 

suites. 

EVOil.JTION OF THE MXINT STUARr MAGMA SUITE 

1. Introcl.uction 

All mineralogical and petrological features of the M:)unt Stuart intrusive series 

are consistent with the hypothesis that it has evolved fran a single batch.of 

high-alumina basalt by successive fractional crystallization of ascending 

residual rnagrra. The main argurrents for 0is rrodel include the follo.-ring: 

1. Systematic changes in the ca:nposition of minerals and their host rocks 

throughout the intrusive series; 2. Intrusive phases becare increasingly 

rrore granitic with decreasing age; 3. Ccrnputer simulation of this fractiona­

tion process provides quantitative evidence that renoval of early-fonned crystals 

fran the oldest magma can form the entire rock association. 

One serious discrepancy mitigating against the rrodel is the lack of 

sufficient mafic cum·lllate within the batholith. The cum·-ulate fonned during 

the generation of HfID, HHBQD, and MPQD is missing and must lie at depth, if it 

exists at all. However, appropriate arrounts of rrore granitic rocks which 

satisfy mass-balance requirerrents appear in the batholith. All these points 

are discussed in rrore detail below. 

2. Proposed. Parental Magna 

The relative abundance of intennediate rocks in batholiths and the great abun-
" 

dance of corresponding andesitic volcanic rocks has been used. to suggest that 



F 

A M 

Fi;:;-~ Co::iparison of chemical variations 
of the :fount Stuart batholit!i. (shaded, 172 
analyses) with the Japanese volcanic arc 
(dashed, 1102 analyses). Cascade Tertiary 
plutonic-volcanic rocks (<lotted, 937 analyses) 
anrl the Sierra :;evada batholit:1 (solid, 266 
analyses), data from ~-:utschler and others(lS) 
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andesites are the parent ma.grras for calc-alkaline batholiths. This ma.y be true 

for sare batholiths; however, volurre relationships alone are not satisfactory 

criteria for the choice of parental ma.gmas. Nockolds and Allen (31) and ~(32) 
their 

chose parental magmas based upon chemical trends of \ rock associations. 
. / 

M:>re importantly, there must be consistency between all pertinent data; field 

relationships derronstrating the intrusive sequence, chemical trends of minerals 

and their host rocks, and ma.ss-balance relationships. 
' -

The oldest intrusive phase identified in the batholith is believed to 

be the parental magma for this intrusive suite. As it turns out, even the younger 

IBID could be . the parent ma.grra, but the older TPG is favored. 'lwo-pyroxene gabbro 

(TPG) has a fine-grained sub-porphyritic texture characteristic of chilled magrra. 

TPG occurs as inclusions in younger HIID and HHBQD. Al though fractionation of 

TPG occurred at depth, the inclusions represent disrrembered apophyses and/ or 
I 

fragrrents of the crystalline wallsof the TPG fractionation chamber. Ma.fie 
I 

minerals and plagioclase of succeedingly younger intrusives define carrpositional 

trends away from corresponding TPG minerals (Figs. 5,6). Younger hornblendes 

and pyroxenes exhibit decreasing MgO/Mgo+FeO and plagioclase shows decreasing 

cao/cao+Na2o. Furthenrore, subtraction of olivine (Fo 77), hypersthene (En "17), 

augite (Di 76 ) , sodic labradorite, and opaques, in reasonable arrounts from 

TPG can proouce all the younger rocks found in the batholith. These minerals 

were identified as early-for:rred minerals in thin section. Ivb::les of representa-

ti ve cum:ulates forrred by canputer rrodeling appear in Table 6. The olivine-

bearing rocks forrred as cun(ulates during fractionation of TPG have not been 
exposed 

seen in the batholith. The olivine content of gabbroic or ultrarnci.fic rocks 
A 

rarely exceeds several percent, but sa:e olivine may have been recrystallized 
roc..~s 

to hypersthene since nost of these,,.have undergone variable degrees of recrys­
as canputed by L'1ethod 1 

tallization. eurr[ulates (Table 6) are gabbroic, but not ultramafic. 
/\ 
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TPG coITeSJX)nds to the COTlfX)sition of high-alumina basalt as defined. 

by Irvine and Baragar (27), Table 2. Their widespread distribution and associated. 

rocks have reen docurrented in the circum-Pacific region, particularly in Japan, 

and in the High Cascades of Washington and Oregon (33-37). The Mount Stuart 

magma series, although relatively rrore m3.gnesian, parallels the fractionation 

tr~ observed. fran high-alumina basalt associations of those regions (Fig. 9). 

No volcanic equivalents of the .Mount Stuart series are preserved, but presumably 

shallow to interrrediate depth plutons like the l'bunt Stuart erupted. lava onto 

the surface. 

3. carputer ltrleling of Fractionation 

The proposed. fractionation process was evaluated by means of a linear-programing 

least-squares axcputer program designed by Wright and L'oherty (38). Two rnethcrls 

of canputation tvere used.. Both rnethcxis used the following relationship, but ea.ch.. 

applies it differently: 

(1) Parent Magma = 
(older intrusive phase) 

Liquidus Crystals + 
(of parent) 

Residual Liquid 
(younger intrusive phase) 

For· the first rnethod, Equation (1) was applied step-wise along the intrusive 

series (Fia. 3) , whereby, the older phase was substituted. for the parent at each - ~ 

step1and the next younger phase was substituted for the daughter residual liquid. 

By contrast, Method 2 utilized. TPG as the parent for all succeeding phases, and 

it calculated. directly the arrount of each phase proouced by the subtraction of 

early-fonred c:rystals fran TPG. Method 1 correSJX)nds rrore closely to the pro-

posed fractionation process, whereas ~thod 2 is merely an additional test~ ·; ~ 

the feasibility of the process. ---- 16.t e 
During Method 1 calculations each 'parental' rock along the series 

rock 
is treated as though each is a liquid. Essentially, the prograrr calculates the 

/\ 
arrount and canposition of the liquidus minerals1 and the arrount of the residual li'J.vid 



Table 3. Results of Method 1: Step-wise fractionation of parental basalt (TPG)* 

1. 
2. 
J. 
4. 
5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 
15. 
16. 

17. 

18. 
19. 

20. 

21. 
22. 
23 
24. 

Parent Daughter Minerals Fo 90 Fo 77 Cpx Opx Ho 

TPG HHD !'1-245 5.38 4.87 14.55 
II II W-255 4.54 6.85 16.64 
II II H-387 6.53 14.65 
II II W-245 9.75 6.12 6.90 
II If W-255 6.75 6.35 14.22 

HHD(W-:,:>..<i) Hl-IBOD(""~ -, Vi) W-53A 1.81 4.85 

II HHBQD (MS· n'l) W-53A 2.54 

HHD HHBQD W-53A 2.23 5.99 13.02 
II II W-5-3A 6.42 17.52 

HHBQD (WJ./'11-1) MPQD(W-<.. 7S-) W-44A 6.13 14.10 

II MPQD W-44A 4. 77 11. 73 

HPQD GD(w-t.10) W-304 -- 7.82 

HPOIX'._w-304) GD(vJ-<.,1:::) W-304 4.94 

~-lPQD GD W-274 ·-- 10.68 
" 11 W-675 11. 70 

!-lPOD(vJ ·3o'f GD W-304 ·-- 7.54 

!-lPOD(w-iP7;) LOD W-675 3.71 

1·1PQD LQD W-274 11.26 
" II W-274 16.46 

GD(~·'-/13) BT H-413 13. 76 

" " W-413 12.44 
coCw-c.,;0) GR W-610 14.48 

11 II W-610 13.69 
GD(lt-f-41~) GR W-413 16.93 

* Fractionation computed along the liquid line of descent in Fig. 3. 
Parent= mean composition of intrusive units from Table 2, except where 
sample number indicates a specific rock composition used. Daughter= 
mean composition of intrusive units from T;:ible 2, except where a specific 
rock is identified. Liquid= amount of daughter formed by subtr8ction 
of minerals from parent. Symbols of parent and daughter as in Fig. 3. 
Minerals= early-formed phases identified in the rocks specified. 
Olivine: Fo 90 is used for purposes of comparison, Fo 77 actually found 
in sample 299. Orthopyroxene (Opx), clinopyroxene (Cpx), hornblende 
(Ho), biotite (Biot), magnetite (Mt), ilmenite (Ilm), plagioclase (Plag) 
and derived composition of plagioclase (%An). Mineral analyses from 
Pongsapich (18) and optical determinations by the author, Table 1. 
Biotite, magnetite, and ilmenite from other sources (39-41). 'Largest 
residual' is the greatest difference bPtween the computed and actual 
composition of the parent. All values in weight percent 

lliot 

2.04 

0.51 

2.81 
1. 95 
1.30 

5.03 

6.11 

8.06 

8.66 
3.8 
3.03 
3.7 



Table 3. Continued 

Largest 
~It llm Plag % An "Liquid" Residual 

0.68 1.03 33.60 44.8 39.91 +0.01 K2o 
1.00 1.26 42.58 50.5 26.15 -0.04 MnO 
1.48 0.98 33. 92 52.4 42.47 +0.11 K20 
1.22 1.01 36.36 46.3 46. 27 +O. 32 Na

3
o 

0.65 1.19 39.60 51.2 31.30 -0.05 Hn 

1.58 0.59 26.12 40.3 65.04 +0.20 K20 

2.38 0.64 26.24 36.5 68.23 +0.23 Si02 

o. 75 31.51 49.2 46.52 +0.02 K20 
0.35 34.14· 50.3 41.59 +0.35 MgO 

1.14 47.72 42.8 30.93 -0.17 K20 

0.21 1. 06 42.40 42.8 39.86 -0.10 K20 

0.52 18.03 31.l 71. 61 +0.23 K20 

0.30 9.78 26.5 84. 50 +0.24 KzO 

0.06 0.29 20.30 34.1 65.90 +0.21 K2o 
18.65 34.0 67.71 -0. 28 ,._1g0 

0.77 17.46 31. 74 72. 96 +0.19 KzO 

0.12 15.13 38.9 76.04 +0.02 K20 

0.10 22.90 38.0 59.64 -0.23 MgO 
22.04 27.6 61. 52 +1.00 

--· --

20.55 40.4(, 57.65 +0.58 Na20 

14.65 34.6 64.28 -0.25 MgO 
--- - ----33. 75 36.4 47.19 --+0.31 K2o 

0.30 0.66 33.66 37.5 48.19 +0.29 K20 
1.00 32.49 38.8 45.87 +0.37 KzO 
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. IS (in the form of the next ymmger intrusive phase) which -a:e- needed to prcx1uce 

the canposition of the pare.11t ( the older intrusive phase). Ea.rly-form:rl minerals 

were identified in thin section; and t.heir ca:t{X)si tions w1ere determined by micro­

probe analysis (18). Actual biotite and opaque minerals w1ere not analyzed, but 

suitable canpositions WP...re chosen fran other plutonic rocks (39-41) • Rock 

analyses used were generally the mean canpositions of intrusive units fran Table 2, 

but in sc::.m2 instances single rock analyses were substituted for mean canpositions. 

Differences between the corrputeq 'parent' canposition and the actual values are 

termed residuals. Residuals were canpared with the standard deviation (<r) and 

the standard error of the mean (SEM) of each oxide in order to evaluate the fit. 

Both core and rim ccrrpositions of plagioclase and hornblende were entered, where 

these t:v.o minerals appeared as liquidus phases. The proper mixture of end--rranbers 

were blended by the program to provide optimum solutions. 

A surrrrary of the results of Method 1 calculations appean in Table 3. 

Samples of typical cum:ulates prcx1uced at each stage of fractionation appear in 

Table 6. Judging fran the srrall residuals, it is possible to derive the entire 

rock series fran the initial TPG by subtraction of these minerals actuallv 

appearing in these rocks. Table 5 (Cols. 4-8) sumnarizes the armunts of residual 

liquids formed at each stage of the proposed fractionation process. Consideri.ng 

the m3.ss-balances of basalt fractionation, reasonable arrounts of residual granite 

liquid a.re prcx1uced., about 2-3% of the TPG. Granite, in the form of aplite, pegmatite, 

etc., canprises about this annunt of the exposed batholith. For the earliest-
:rrafic 

formed.l\residual liquids, there is little correspondence between the arrounts calcu-

/ated at each step of differentiation and the arrounts exposed in the batholith. 

This relationship is to be e.xpected, since differentiation of ma.fie liquids took 
u.riJ 

place at deeper levels1 forming cum ~ulates /\ thereby changing their original 

carpositionsand arrounts by the t.irre they reached present erosional levels in the 
batholith. 

Throughout the fractionation calculated by Methcx1 1, potash exhibits 
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increasingly larger residuals (Table 3). In rrost cases this :m2al1S that the 

liquid is enriched, or alternatively, the parent is depleted in potash. This 

' sane effect couldbe caused by inaccurate potash concentrations in plagioclase. 
I 

If real, the K20 residuals inply that this increase throughout the series was 

not altogether the result of simple crystal fractionation, but instead, 

ttL " the increasing effects of volatile transport (42\in,.,,creasingly rrore hydrous 

and silicic melts. 

A dozen rocks fran other batholithic suites were substituted into the 

calculations for M::>unt Stuart rocks in order to test whether or not any rock of 

suitable c:arp::>sition would provide reasonable solutions. Sane rocks fran other 

suites did provide solutions within the SEM limits, but the majority of them 

required the use of mineral types, carpositions, and proportions which were not 

canpatible with the chemical characteritics of the M::mnt Stuart series. For 

instance, rim carq;ositions rather than core carq;ositions of hornblende and/or 
v.:er-e. 

plagioclase required (i.e. not early-formed minerals), or unreasonable 
.A -

proportions of minerals were required. 

One obvious objection to Method 1 is that mean canp:)sitions of 

intrusive units are used as though each was an actual liquid. It is clear 

that each rock contains minerals which were in 'equilibrium' with the liquid 

fran which they crystallized. The fractionation process asslilTles that sane of 

the liquid escaped pericx:lically and evolved separately. There is no sure way 

to detennine hav closely the rocks approach the COTlfX)Sition of the liquid fran 
Ho..vever, 

which they crystallized./\ quench textures possibly provide the best clue, . and 

on this basis, the TPG and the much younger aplite (GR) closely approximate the 

can:oosition of their liauids. 
~ ~ 

Methcx:1 2 atterrpts to rrodel an even rrore simplified fractionation 

process. Basically, it resolves the same question as before: Can the subtraction 

of liquidus minerals fran TPG form directly, rather than in a step-wise fashion, 



Table 4. Results of Method 2: Direct frnctlonation [rom basaltic pnrent (TPG)* 

Intrusive Fo 90 Fo 77 Cpx Opx Mt Ilm Plae :t An "Liqtti<l It Largest 
phnsc residual 

llllD 'J.54 6.B3 16.64 1. () l. 26 42.5U 50.5 26.15 -0.04 MnO 
HIil> 6.75 6.35 14.22 0.65 1.19 39.60 51. 2 31. 27 0.00 

JlliUQD 6.15 U.40 19.23 1. 16 l .l-1!1 /19.72 50.6 13.93 -0.05 NnO 
llllHQD 7.32 3.36 18. 37 0.73 1.45 49.94 50.7 13.87 +0.01 KzO 

NPQD 6.713 9.27 19.31 1. 35 1. 53 53 .l13 50.,6 7.82 -0.05 MnO 
~rPf?D ~L 07 9.22 18.87 0.86 l. 59 53.67 50.6 7.75 +0.06 HnO 

LQD 8.03 9.63 17. 83 1. 71 1.M 54. Ol1 50.3 7.16 -0.06 HnO 
LQD 9.50 9.56 16.81 1.13 1. 65 54.35 50.5 7. 03 +0.01 KzO 

GO 6.36 9.46 21. 29 1. 22 1.64 55.9 50.1 4.20 -0.05 HnO 
GD 7.57 9. 4 J. 20.liO 0.77 l. 65 56.1 50.2 4.17 -0.05 MnO 

S PGn 7.14 ,9.(>l 19.99 l. 4H 1. GS 56.17 50.1 J.97 -0.05 MnO 
SPGD 8.51 9.56 18.96 0.9B 1.68 56.39 50.4 3.95 -0.06 MnO 

BT 7.41 9 .119 19. 5l1 1. 56 1. 68 5l1. 93 51. 0 5.44 -0.06 NnO 
BT 8.80 9.43 18.53 1. OJ 1. 69 55.19 51. 2 5.37 -0.06 HnO 

GR 6.57 9.59 21. 22 1.32 1. 68 56.77 50.1 2.87 -0.05 MnO 
GR 7.83 9.54 20.29 0.86 1. 68 56.97 50.2 2.86 -0.05 HnO 

-/( 'Intr11slve phase' represents the resi<lunl I liquic.1 1 whose computed amount is shown as 'liquic.1 1
, all 

amounts in weight percent, src;n= Stevens Pass :Jrano<l iorite, other symbols as Table 3 
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the different intrusive phases of the batholith? Method 2 is a one-step linear 

subtraction m::rlel which uses the sarre TPG parent to derive all subsequent units 

(Table 2) , except for hornblende gabbro, which is of inconclusive age. Table 4 

surrmarizes the results of these calculations. Excellent matches are obtained, 

Judging fran the very small residuals, the arrounts of residual liquids 

compare favorably with those of Method 1 ( Table 5, Col. 5). Potash discrepancies 

do not appear in this r.ethod because of its linear approach. Again, a few 

percent of granite liquid is produced, consistent with Method 1 and field 

relations. 

4. Mass-balance Implications 

Tables 5 and 6 surrmarize the data pertinent to mass-balance and petrogenesis 

for this magma series. According to Table 5, when crystallization of TPG is 

63% complete (Col. 6) (the arrount of accurrulate fonred), the remaining 37% is 

residual liquid with a canposition of HlID. Subsequent fractionation of HlID 

liquid fonns HHBQD when 45% of it has crystallized, forming accumulate, and 

the remaining 55% of the arrount of HHD liquid remains1 with the carip:Jsition of 

HHBQD. 

liquid 

At this point 20% of the total arrount of parent TPG magrra is still _...,,- /)e, ~ 
(Col. 5), and so forth. ~ / 6, 

~lajor volumie discrepancies can be observed from Table 5, particularly 

for ma.fie magmas and their accumulates. Although fractionation is chemically 

feasible, based upon the calculations, mass-balance relations 3.t the ma.fie 

end of the magma series presents serious discrepencies between observed and 

predicted arrounts of rocks. By contrast, mass-balances arrong the intermediate 

and rrore granitic rocks agree quite well. As is typical of other batholiths, 

intenrediate and rrore·granitic rocks comprise 85 to 90 % of the Mount Stuart 

batholith (Col. 3). Ma.fie cum··ulate which must have been subtracted from TPG 

to form these internediate to granitic rocks comprise only a minor fraction of 



* Table 5. Mass-balance relationships 

1 2 3 4 5 6 7 8 

Intrusive Mean % Volume Ave. Wt% % Res. Ave. Wt% Ratio Amt. TPG 
Phase- Density Exposed Residual Liquid Crystal Liq. /Cum. Needed 

Liquid Remaining Cum::,ulate 

TPG 2.95 1-2 100 100 

HHD 2.89 5 37 37 63 0.5 3X 

HHBQD 2.81 5 55 20 45 1 5X 

MPQD 2.74 50 36 7 64 0.5 14X 

LQD 2.70 22 66 5 34 2 20X 

GD 2.71 13 73 5 27 3 20X 

GR 2.63 1 61 3 39 1.5 SOX 

BT 2.60 2 61 2 39 1.5 33X 

* Symbols as in Fig. 3. Exposed volumes of rock units within the batholith are 
accurate to about+ 10% of the amounts present, as estimated from Fig. 2. 
~ean densities determined from a minimum of five typical rocks from each unit. 
All additional data was derived from Method 1 calculations, Table 3 as 
determined along the liquid line of descent, Fig. 3. 'Residual liquids' are 
those liquids hav~ing a composition identical to the intrusive phase at the 
stage of fraction~tion identified. Col. 5 is the amount of original volume 
of TPG liquid remaining. Col. 8 is the amount of 'parental' TPG needed to 
form the residual liquid at each stage of fractionation 



Table 6. Modes of representative cum:ulates formed by computed fractionation, Method t 
Line 4 5 6 9 10 12 14 17 22 

Parent TPG TPG HHD HHD HHBQD MPQD MPQD MPQG GD 

Residual HHD HHD HHBQD HHBQD MPQD GD GD LQD GR 
Liquid 

Plag 59 57 75 58 69 63 59 63 65 
% An 46 51 40 50 43 31 34 39 36 

' 

Fo 77 16 10 

Cpx 10 9 5 11 9 

Opx 11 21 14 30 20 

Ho 27 31 15 28 

Biot 7 8 21 7 

Mt 2 1 4 2 tr 

Ilm 2 2 2 1 ·2 1 tr 

TOTAL 100 100 100 100 100 99 99 99 100 

* Modes recalculated from Table 3, lines refer to assemblage of early-formed minerals numbered hori-
zontally in Table 3. All symbols as in Table 3 and Fig. 3 



14 

the batholith. Magma energy budgets do not pennit complete digestion of these 

refractory materials. From Table 5, (Col. 6) 63% of TPG must fo:rm rnafic cum:ulateJ 

and 45% of the HHD liquid produces cumulate as HHBQD is forrred. The total arrount 
V 

of this ctm:(ulate produced by these t\ov"O stages of fractionation is considerable: 

80% of the total arrount of TPG. This arrount of TPG can be judged from the 
The- fof,j 4,,,,cunt o-f. 

exposed arrount of MPQD which requires 14 tiITes as much TPG (Col. 8}. A cum:ulate 
-r,·;w~ is for,,,.Q.J 

produced by the AHHBQD /\ is then 80% of 14 X 250 km2. These rnafic currCulates 

are olivine gabbro and two-pyro~ene gabbro (Table 6}, not ultrarnafic rocks. No 

olivine gabbro of this type awearsin the batholith. Exposed cumulate-type ..., 
bofh. 

rocks are poorer in 
1
.plagioclase and olivine (Table 1). 

Assuming fractionation produced this rnagma series, cum:ulates pro­

duced by the early mafic magmas must lie at depth, a seemingly fortuitous 

circumstance. However, basal tic magmas (TPG, HHD, HHBQD} are fluid enough to 

pennit early-forrred crystals to sink. Also, fractionation of these magmas took 

place at greater depths than present erosional levels. The slightly greater 

densities of rnafic cum_:ulates, and a. position near the bottom of the magma 

chamber, will inhibit their rise during the ascent of their residual liquids. 

Pertinent gravity data collected by Dr. Danes (University of Puget Sound} has 

not been studied to see if cum:ulates can be recognized beneath the batholith. 

Correspondence between predicted and observed mass-relations arrong 

intermediate and rrore granitic rocks is rrore favorable. The present erosional 

level through the batholith intersects the solidified remnants of the MPQD 

and I.J2D fractionation chambers. Gradational zoning in both plutons (Fig. 2} 

ranges from quartz diorite margins to granodiorite cores. More granitic roc:Jr....s 

invade their interiors. Fractionation must have proceeded by inward crystalli­

zation. Exposed volurres of these rocks (Table 5, Col. 3) canpare favorably 

with the arrounts expected. CUrnrsulates forrred by the canputer rrodel (Table 6) 
'-' 

resemble the rocks in the margins of these plutons, and sare hornblendic 



15 

inclusions found in these rocks. 

In conclusion, any single erosional level through a batholith will 
, oF 

rarely permit observation of the entire spectrum of rocks and volumes produced 
.A 

by fractional crystallization. Ma.fie and ultraniafic cumJulates produced by 

deeper-level fractionation can be expected to rema.in at depth. Residual liquids 

produced at any stage of differentiation L..Cir1.- be consurred by later fractionation. 
a.lso 

The relative volurres of magmas rema.ining in batholiths is/\dependent upon their 

relative timing of ascent, degree and depth of fractionation, and the arrounts of 

magma withdrawn during eruption. 

5. Emplacerrent-fractionation rrodel 

The evolutionary rrodel envisioned here is one of initital errplacerrent of a 

si.-rigle batch of high-alumina basalt (TPG) at depths ) 8 to 10 km, follo.ved 

by crystal settling rrodified by inward crystallization producing gabbroic and 

sare pyroxenite curr(J.Ilate, and a residual liquid of HHD. Early separation of 

·olivine (Fo 77), hypersthene (En 77), augite (Di 76), plagioclase (An 65-50) 

and opaques produced the diori tic residual magma, I-Il:ID. This magma rroved 

up.,,a.rd, invading and stoping the crystalline walls of the parental magma 
,"1ost C:.V'd +l-t~,~e. b-( 

chamber, leaving ml:1efl of the cumulate behind at depth, producing the observed 
~ A 

field relations at the present erosional level. Eruption of TPG parental 

magma and younger residual liquids may have occured, but the volcanic cap 

is naw eroded. The early appearence of hornblende in the intrusive series 
the -t-he-. 

indicates that during/\ late stage of crystallization of TPG, ,1 water content 

approached 2-4 wt.% in these liquids (43}. 

MPQD and LQD magmas rose closer to the surface ( 8 to 10 km, 

and differentiated by in·ward crystallization, thereby progressively 

concentrating granitic caufx:ments taward their cores. The youngest residual 
parental 

liquids were emplaced as dikes in the walls of their rragma chambers. 

/\ 
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In this manner, successive episooes of differentiation, follCMed by ur:wa,rd 

intrusion of progressively nore granitic magmas, v.:ould account for the intrusive 

sequence and the rock associations observed in the batholith. Large arrounts of 

ma.fie cum"ulate apparently remained behind in what were vertically-zoned 
V 

differentiation chambers. 

CONCIDSIONS 

The M:>unt Stuart batholithic suite appears to represent the plutonic counterpart 

of the high-alumina basalt association. Ccrnputer m:x1eling of the proposed. 

fractionation process and all the available petrologic and field relationships 

indicate that the }bunt Stuart suite is consangumeous1and that all phases 

of the suite can be derived fran the oldest mtrusive phase. Volurre relations 

indicate that ma.fie curn:ulates fonred at early stages of fractionation must 

lie at depth. 
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