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Material and Energy Production from Volcanoes

——A Review from Plate Tectonics——

Naoyuki FuJir

(Geophysical Institute, University of Tokyo)

Production rates of extrusive and intrusive material are estimated on the basis of plate
tectonic concept. For accreting and consuming plate boundaries, production rates of extrusive
(volcanic) material are estimated at about 4 and 1 km3/yr, while the rates of intrusive igneous
material for the two boundaries are about +9.5 and —14 km3/yr, respectively. Production rates
of extrusive material for intra-oceanic and intra-continental plates are about 1 and 0.1 km?/yr,
respectively. In the marginal seas which are thought to be another type of plate accretion,
production rates of extrusive and intrusive material are estimated at about 0.1 and 1.2 km3/yr,
respectively. Net addition to continental crust is about 0.9 km3/yr which is nearly equal to
the classic estimates before the proposal of plate tectonics. However, the value of net addition
to oceanic crust (1.8 km3/yr) contains large uncertainty because that the global production and
consumption of intrusive material are one order of magnitude larger than the net production.

Total heat flux from the earth’s surface (Q;) is expressed by Q:=Qco+ Qcr+ Qeci+ Qms
where Q., is average heat flux that possibly corresponds to radiogenic heat source, Q¢ and
Q.: are the ‘“‘regional’”” and ‘‘local”’ excess conducted heat flux that may represent magmatic
intrusion in the crust and circulation of hot water system, respectively. @Qn is heat flux due
to mass transportation. Terrestrial heat flow values are reviewed in terms of major geological
features. It is pointed out that the values higher than 1.0 HFU in oceanic areas may indicate
Q.» and at the ridge axis are considered to be Q.. On the other hand, conductive heat flux
in geothermal areas and in the vicinity of volcanoes is excluded from the statistics. In geo-
thermal areas, the global sum of heat flux Qn is estimated at about 107 cal/yr and that of
extrusive volcanic material is about 5x 108 cal/yr, whereas the global conducted heat flux is
about 2.3 %1020 cal/yr. It is emphasized, however, that Q.. by extrusive material is comparable
to conducted heat flux near the plate boundary (say, along the zone of a few 100 km-wide).
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(LxowmEL) CREIRTHCEE - FRO BT, LR AF — DEEEECOWT, KIUEBORE
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5. Tz 1207 v— MG THHH, Mnrem
AT L s TEVRED. oz, vV 7%85
2—5oT7EdbT AV H e TU— b EDBFITFEIL
SED LT, ¥, <=V v/l r— PR
TV IEEGLI YV T e T v— b RF v A F e TV
— b EEmE B AL WS, Lo L, BEORE KIL(X
OO 1, FOKREGH KT RIEHE & BIL—iE
EBROBRCHEELTVWLZ LXBELNATHSL. TV
—~ b F 2 =2 AT, ERHEESAY SV — O
EERCX-THERLLIS> ETAH. LT, Th
L2 v— MERCEET KU, Frv—E
B LB lEr B ORHRELTEDADNRD. DF
D, KIUEH DR « BRFEOEES, KILUEK
DM V13, Fv— FMEEBES Sv— D sub-
duction @iz & 3,725 —@ D tectonic 7n{FHD—
BLLTHBAZIRD IS TR

DX BANLERER (1974) %, MR EO XU
PEIEDI CHTE L. o TRFH (1975) o
BEXEBL, FEimzsz ez Fhid,

Tectonic map with major plate boundaries.
not icludes Mesozoic and Cenozoic flold belts.

Post-Precambrian orogenic area do
Mercator projection.

SOGEICIT Ay b ARy b3t (Morgan, 1972; Wil-
son, 1973) DAL AL X FIC AR TV e, KIWE
ROBEFHHLRFIZESYEMNL, Ry PAEy b oo
<V ML — A LBEROKUBS IO ZOMES
SyHE (U, 1974) 2 RIRRTH A HH, I TSV
— b & OHIE & KUEEBIOER E L TOAERIT
BEHEYBNTDTH 5.

Fiz, RPEHRONEN (1K) 1, FITHIERE
B st (Lee and Uyeda, 1965) 2@ 5 X 51,
Tugolesov and Udintsev (1964, p. 10-11) o#:EX,
s (1974) 7o K& flmgbLic.

2. KRFEBCEIDMEOLEEERE

I wbhTw5 X 5T, KEEEROEREK 8x10°
km3 (Ronov and Yaroshevsky, 1969) % #h L& O
G & n Greenland Gneiss D4 3.9x10%yr
(Black et al., 1969) T%J5% & 2kmd/yr L\ 5{H
187 (&, 1965; Horai and Uyeda, 1969), —
F, HAMABIBIR TS KLERSEOR Lkmd/
yr (Sapper, 1927) X EOfELRBETHS. HKRD
iy s (Fujiiand Uyeda, 1965; Hanks and Ander-

son, 1970) 7 LA T, FMEAD KKIFAATEL b i
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B Lot Bbhs o & &, HRORKCIBET
BbhihWBAEOFLE LEBA TS Vv o L &udb
BELT, FROBEEIRL—RELADRTEL.
LT, “KIEBC X » TR ATz bh 2%HE
75, KEEORE L\ 5 HER OIFLSEL OB VT &
B TR LW —ElaEx EFEDRNS DL
BbhT .

Lisl, Fv—1r72 b= ADABNLRT, =
DI BRI HB UL THAL I F0EZ
A, 7L —FF 27 b= ATHLMC IR TE DI,
BRED 1~2 BFE0Z L ¥ TTHH. PERIDEL
KEEEHNE - TR D, Zh IR ORI LT
DM e b X s w B, ThEd, RE
bhbhNEE T s R Eo#EEHSL, REDLE
ER OV THRITSEREN L R T &N TEX
5.

FrT, Fuv—FF 27 b= ARNEE» D KUEE
My DE| LA 2 TR WBDEERTHEET 51T,
FPWEE O b OOEZE W B L TR g
Fr 7o, mkE (1974) 1%, BRI OWTE, W
oEEYE 2, BETOKURFCOWTL, R
T OB R KUY # X TE OEEEEYHEE L
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7o (1), EEm dyke /e P EAE L LTHIR
b WBELSEC D LBbh sy, WECLE
FNPEBCHEET2FE, DR, FTRiEeKR
BER FoR 2 OB TIE, DX 5 B NG DS
BETHLZ L LEXOND. Fio, WET OEKE
X B (Wb s FAMOUS GHd) Tix, HIRE
MOBOTEA LI dyke 2L 2E@RH5T LD
BndbhTuws, FLOFHET, Crustal Material
(intrusive) —TiX, FFOHEE LMY & HREL
e bOERERD.

a) 7L — b&EER (Accreting Plate Bound-

aries)
FU—rDEET M1oXs7% 12 @Ho7v—1
HEZBNED, LA FBRETTRIRICRTY
%. FOWET, 2.65 km?/yr (Deffreyes, 1970)~2.72
km?/yr (Kaula, 1975) TH»%. %7, thRBEEOE
13, WEOKEFELEN D oceanic layer 2A ¥
2 bR TWT, BREMITIIEY 1.5km TH5H. b
o b DBILBEOES & IRITHR L, 70~80m.y.
THBELTWA L5 &x b (Houtz and Ewing,
1975). ¥ TR ICHREES & LTHEI L, T Ok
Tl Uiz LRTE ToEXLLT 1.5km

Table 1. Production Rate of Igneous Material (km3/yr).
Remarks
Volcanic Crustal Added to L: Boundary
Classification Material Material length
(Extrusive) | (Intrusive) | Continental | Oceanic A: Areal
crust crust Production
Accreting Oceanic 4. 9.5 o 13.5 L =56000 km3!
Plate B. Ridges 4~6)h : : A=2.7 km?/yr
Oceanic Plate L =46000 km3’
. 0.75% —14.4 0.75 —14.
Consuming Subduction A=-—-2.8 km?/yr
Plate Continental Plate L =9000 km?®
Boundaries Subduction 0.02% 0? 0.02 - A=—0.25km?/yr
Marginal Seas 0.1 1.2 — 1.3 A=0.2 km?/yr
Intra-oceanic Oceanic Is. 1.1 . - 1
Plate Sea mounts : .
. Rifts 0.0062 ? 0.006 —
Intra-continental Plat
Plate ateau _
Basalts 0.1% ? 0.1
Net Production 0.9 1.8

1) K. Nakamura (1974).

2) A. Rittman (1962), p 156.

3) modified from W. Kaula (1975).
4) including volcanic material.
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HESTLIWEAS, L, TIERERERE S
¥ 2.7km?lyr LUK 4km¥yr B35, K
(1974) 1%, £ 2 OHEEL LT BHRETRLREL
o TWBET7 A4 AT v FICEER Lz, BEICB -
BUEIY) ohERT, KUKBFLLELRCD
DT, Ix105m3/yr/100km L 7ic%. WHEOEX 5.6
x10*km %## % % & bkm¥yr TH%S. L LTTA
ATV Fidhky P AEY PTHELD, FHOWEHE X
DEEERRYS 2 D%, IKAEE 2cm/yr (257
DORNG 7D T, ZHOIHEBR L TEEDORWHE L
b EEL . (BRHIL 4~6kmd/yr L L TW50,
STt 4kmiyr AL TEL)

Zhiext L, WBEMROEIIFEYH Skm THD
5, % 3.5km [T dyke swarm < basic 7t B R
NHERABEARSHR THA. Lich- CTLDEERE
WFg 9.5kmdyr L7k @EMBREEL LT 135
kmd¥/yr &7ch. FU— L+ DEEKTHHIV I/ AT =7
i, ZEAENTAT /A7 2T7ELLTLES Z
EE, TOERSPECELTIBES V- F Lk
Mo TN DT, 22 TEE L.

b) FL — FEFIER (Consuming Plate Bound-

aries)

EIMALLWONRE S5, 7 r— MTiiREY
GEinnboE, ¥HUELREXEATHWALDE
NWPH5B. FLT, subduction ¥, Fuv— » DOYEEEH
ROy Dy KEEHIR DEF T X » T, WHEBEITK
XRERNADND. WHEMREYFES By D 7 v—
} (oceanic plate) 7% subduct U-T\u»2HuEKTiZ,
Bil-EERN FEL T 5 KPEARR, 7vs17)
B, Yy v Py FHBREL, 7V FALRTR
EIXNBIURNIEZEL TSN H D, = 2T,
RUEEDO KSR & 705 KIUDBEEPTHS. ©
DEUEEREN KD R<HAXRDRTWAHDIX HAT H
%. % 5—>n subduct OFE LU TiL, KPR
o 728840 7 v — | (continental plate) 73 subduct
PLULIIERL TS, T Vb5 Ve b
CELERNDD. TONLTREELEF Y v b
A4 2) 7EBELERICE L kUYL, Z oFEz
N, 2HErgio S v— 57 b= 2 ADERTIE
BRI TELTv— P OEESE LT, Tk
BB OEEYINZ S, hHAA T £ oceanic plate
okl (BMoRERD) w5, MEFEEOHEEND
A S BEEN IOHIR 2 FEOMIR Y, AEIh IS L
Ez25.

HE Z

it (1974) 1%, BADREMN L 12 o KiUD
MEEREY (DA TFEEO KUK OFEHRE (=) K
AT & 2 DFF L0 LHEE Lic. HERACH
THATIL 1.5~2.7x105m3/yr/100km %G/, *
7z Sapper (1927) D1 HEALD 400 FRDOEY
ELTHERER O KUTIE 0.75kmd/yr LHEE Liz.
oceanic plate ¢ subduct F2IERDOE X% 46000
km (Kaula, 1975) t -3, 1.7x108m3/yr/100 km
LI BT DEIFYHEEHEEEL DILS.

AT L, oceanic plate ¢t {WT AT /S AT
= TWHEB T DR, HERYELRTE, EX
(5km) & HEEIR (2.8km?/yr) 76 14 kmd/yr
Eieh. Lz OfEIE, BRTEEIRCERE
BELEA TV,

—75, # 2 %[ o continental plate »3#EZ2 LT
BERTIE, EALEHEIE L. HEHBEUT
IR A XY T b FY) Y CELKUEELD
E, ToOMHEEIT R X%+ 0.02kmdyr (Rittmann,
1962, p 156) L RO B, LavL, ZOERTHA
RATERBERIHARITL, TAT /A7 = TIRBIRENT
LESHEIDT LS brbic, LA, exF ¥
RTNTADI S, HFOREMRLER, TKRE
B ERIED, HRIX 7 AT /7 A7 = 7IBRILES R
HMNTEDLEEZILINBE WX 5B 2 5. conti-
nental plate DR TR MBENABHCIERbh
Tz EMnDL, ZOZ RS RTT5.

£ 3FH oKL, NP (1966) o H ALK D
RIEBLIE, Fv— FVEEDL S —DDETHHELT
Frow TREIShTE L. MBRIIHBEEERE» D
2B L, 525 OEHEMK L ZIEFFA—THS. LorL,
JY A7 = 7iEE L% 30km 8 U /e { (Kanamori
and Abe, 1968) #17% ¥, , oceanic layer 2A |} 0.5 km &
DEX LarTews (R, 1972). 25 2 B2 2 km,
3L Skm, T, HEWEL 2km BELEX
bha, & TIREENCEE 3.5km/sec B (EX
0.5km) #MRBEEBLRET I LT3, %/,
Moberly (1970) i X » THEE I e, FAM (~60
m.y.) AR U7 ORI 1.1x10"km? TH
5 (EE 1. Licdis TREOIEER, # 0.2
km?/yr LEx bhn., KUEEYOEL 0.1 km¥/yr
Lich, BETOZTAOH 1/40 LITFTLEX LS.

—%, #HBEWELYEBR HROEJIXBAYE T Tkm,
FofoBE T 5.5~7.5km 7 (Packham and
Felvey, 1971) ¢35 6.5km &35, Uiohio CTHIR
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OAEFEEEX 1.3kmd/yr L%,

c) #B¥7L— FALE (Intra-oceanic Plate)

thk; (1974) 13, Menard (1964, 1969) O ASEFEIZ
B H@BILUDOFAG & T DEERE OHEEN L, MEHEIC
BatR LoD ) /e R & LT 0.1kmd/yr &
HELE. —H, ~7 1 OREHEHTFHOFIZ
0.1kmd/yr TH2 = & (Swanson, 1972) 75, ¥gsE
CBR LAV Ry P AHEY MIZOBENZHAUTT
HBHEEZI. ~7 A4 TOEERIBRACHEKKLT
Wh LTS L b TE % (Shaw, 1973) 23, WF
FU— L LTI 0 10 20 1kmd/yr 2\ 5
ONFUTHB LEBbhB., L, BEOT Vv~
57 b= AE LT, BEREN T V- PAD
BEHLIAHT, BABLI-THELTWS LB
oo, Intrusive (IFE x foZ LTt 5.

d) kXpBE7L — PA4%EE (Intra-continental Plate)

ZONZTIE, /T T ) AR N Al &
DOKRBERDOHEST, T rv— MERTRWETHIS
L SoDT, T TOEELL ZCSEHT S, Ln
L, 2hboo rifts 27—V EREE2D RAD
B bwHE 4. Rittmann (1962, p 156) »% Sapper
(1927) D4 ¥ LdiE T, rifts TOAEERT
0.006 km3/yr TH 5.

—F, FhveeTFFb—Rarv7 « 77 -7t
Eo flood basalt |3, 3 5 —2DFE L~ KEED
BEHETHS. FF (1974) X, f S EFEOFSE
& LTH 0.1 km?¥/yr & HEE L7c.

B L oA, rifts okli%e flood basalt 75k
DOlEETOKREMCE LRI BABCL ST &R
PR AERET 50 ofE L, £<RETHS.

DAk, KBUEENC X » THEEIh S volcanic (ex-
trusive) 7¢#’H & crustal (intrusive) /nE OB,
KMBCHTE L. bDAHARDLOEE, —BDH
FEBZTERNY, Fr— 52 b= ABE
o RICkEREOEERR, BEED D REEERDG
CREFNARE SN TR ETE R TERLD
O THD. ZOBWRT, BTE»DL LEFLN
SEERITOWEOIER & R OBRE &\ 5 B,
RELEBEZHBAONBILTTHD. K, HERLFERY
H A 7LD, IR L OKLH ADRHER E
2oL, Z /T L il bhvies o 1eas,
D THEF ST bt Bbh b,

EH®IC, thETOHEBEYELHTHELIERTRL
fo. I TE, KEUEENC X - THELSRBEERC I

b5h, EBEMRCMbLLPER L. EROAE
B ABEE i 0.9 km?/yr T, WIEMBRITIZ 1.8
km?¥/yr Lich, TR TLHALNLE L, WHET
DEFEL, WS Vv — o subduction 1= k% M
B X b IHTLREV. Licais T, T OMEILM
I b LT LEHCHET L hud, EROEERC
DNWTIE L ESR LB, L L, THRILEER
ZOWTOETH S, KREMRICOWTUL, LTONE
ERADNINE TR TE(E & 1kmdyr &
FREL7c. LL, =3 A F¥—ORBEYE X
BEEIL, WhPHHRBME I EEN I ex-
trusive 7oAEBERAEZ I binv. B
L TRREI TR % 2 &iT$ 5.

3. KEEBHCIZIIXILF—OHH

KILDOMEKIZ & b 70 TR E R D =3 L ¥ — 23,
COBRETHBEV IR, #<2bKIIpEY
rEoF—=ThHotc. —H, HWRBEREDOWED,
EEC LD HFC LD INE =R A F - HETE
5. ZITIE, ZOHBRBIRELVGIBEND, KK
EENC X A=A ¥~ (FE L TH=R2LF—) DI
HEXE 2 TAHIS.

Horai and Uyeda (1969) X, Kk LUihisk ik 2
ExZHRTICHhI T, 2BMELGHEICLD Q
EMBEBIIC LD Qu LCHFTHE L. Qe ld,
W DO E Qo (ordinary) &, BEIOWEE LTIK
DL D Qer (regional) LHFTAYAD D Qe (local)
LD 3O Qor & Qor (TAT LTI
RS, T TIRRD LS FE LD, BZEIT L5
WMBMED S b, HWAMEHEIC X 2E8FEOEETMAT
HIGELTWBLD% Qoo &E 2B, L LT, HFETL
Hbhiw=/r<@he, BASKLECLD excess
TR ES Qor £T5. XD, KENFALERET D
ZETE ST ¥ (HEER oFARERDLR
THT % excess fiB%x Qo £E2 5. T LT Qn
i, LK EREERTCEHEC L MEST
5. b, BUIRC KIUOWUGEERS Tl @n>
Q. TH» % (Horai and Uyeda, 1969; yLE, 1973).

Lee and Uyeda (1965) |z I % Hisd Bk B 0&EEF T,
F 7 B HEMERIC X » THE OB RICRTH /s
NREIN. FIRCRLEL S RERFEH 5T,
SEBEE T OHBEYE2RCE LD TH D, £HIRD
B E oY, BEEXT THALDA AT L » Tk
IRTHTHN LR TIE RS, 2 Tix Horai
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Table 2. Heat Flow Values of MajorGeographical Features.

(modified from Lee

and Uyeda, 1965)

Area (106 km?) Heat Flow (HFU)

Continents
Precambrian shields
Post-precam. Non-organic areas
Post-precam. orogenic areas
Mosozoic fold belts
Alpine fold belts
Conozoic volcanic areas

Ocean
Oceanic basins
Oceanic nises
Trenches
Marginal seas
other areas

Continental slope

World

149.0 1.41
24.4 0.92
66.9 1.54
24 .4 1.23
18.31 1.92
8.0v 1.362
2.0 2.16
303.5 1.54
151.5 1.28
124.0 1.82
3.1 0.99
11.0 1.80
13.9 1.71
55.4 1.5%
510.9 1.5

1) roughly estimated.

2) Assumed as island arcs (Japan, New Zealand, etc.).
3) Assumed to be equal to world average.

and Uyeda (1969) #5 [ L T3}k <. ZDET, FHit
FXGBCHEMFAL, Thr» bEENRESEY & 5
7o HROEHIZH 1.5 HFU (1 HFU =10-¢ cal/cm?-
sec) TAHIEREE 2 HIT# 2.3 x 1020cal/yr D&M H
HTETinh, L UEBCIZDEXZLZDEE Qoo
LEZBDIERTHD. Hi, OB EL, Sclater
and Francheteau (1970) 2B/ R L7k 51, L —
F DES LITA LT B, Yoshii (1973) ofgrE
FU—rDEREFAEEZLDHETHL, BEMR
LV VAT = 7 HOBSHERRE ST TR BIT &% 3
T5Z LR EEN L. BETORMEL, TOFEAN
80m.y. LI kT, i3F LLOHFU L%, 2RIV E
Wl (7' V= F DESHFE) OFF T, EDOERED
BiY Qer CANBRELDEEZ DN, Fi, B
WEOFCIL, BETOEENEITRTH5EL, &
ML Qot EEZDHIENTELS. TOBEIXRIT
6-8 HFU #fF (Horai and Uyeda, 1969) <5 5.

—77, B EkoBGEOEI I, MEMIR L kil
L2 Tush. L L, Cenozoic volcanic #iiEgd
HiY, QeotQer £EZDNIS. ZDXIK, HRE
BRMEDOWETIL, Qe & Qor X Qor L DRFIDNUT
HE DT, Lichis THIRTH»B EH=v D

KAGTEE & R B B O BIEE & OIS GEY B s
LT e —2D RERETHHS 5. Roy
et al. (1970) 1= X 2 HIR BT E & HZT < DR S
JRED FFEES, BUKFRO & # A0 KHED
Wige% global 7od DITHRRT 2 Z &Ik, ZOEKRT
YEENLZ L THB.

YWEBEBC I D=4 L F—HHE Qn & LTIL, it
BHIR OBOK ORI KIWE BN EETH 5. |
#FTix, White (1965) 1z X 5 it R OB 5D H
RIEBBMEDEI DB, =51 F—FIHOH
R D, HWEMIR OB = 3 L F— 2B LT, BT
BT — 202 00H B, B OHIEMHIR T DB
WER, 103~10* HFU TEHD Q. &I1ZHHEWLCTA
. Lch o THIBGHIR TD Q0 1%, FHRI Qeo
IO RECTHA D, Qu DFTH ELEEIT/L»
T %, 2L, HEHWRIER RN THS. £
HRE S5 LB XL 107 cal/yr t7:% (White,
1965). Zhul, SMRBGTIE DR 1/2000 TH 5.

—, KT, BHEHC X5 =5 F—-REEZ,
1.5x10%erg/g &\ S HERIT X » THEHE HHE
FETED (B, 1974), B 50 F — DAL oiEE)L K
FUV e ADEZRAF—L, To LI, FHIED
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extrusive & (# 6 km?/yr) LEE (2.5g/cm?) %
Auvb &, #35x108cal/yr Ligsh. I HITHIBGIIK
D 50 5T, SHRBWTED 1/50 BETH 5.

Dk, REIT X b WAk EL, fMIRT
BT 1.5 id 7. UL, Fv— 1 DEEL
HERER (9 100km) i2h > TOIE 100km EED
HWIRE & o THIUE, ZMREEDO 1/50 BETH S
DD Qe & Qm XFABEDNHEELD. LicdisT, 7
v— + DHEEMEA, ERH 100~300 km FEOME
THEZECHbhDZ L xELD L, =XV F-HICH
Th, KIUEHMZ LS QuiZBERTHL I LN
St 5.
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