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ABSTRACT

i

THE FIRST PART OF THIS REPORT TRACES THE. PREGEOLOGIC
HISTORY OF THE EARTH ACCORDING TO THE MOST CURRENT ASTRO- '
' PHYSICAL THEORY OF THE EVOLUTION OF THE SUN AND SOLAR SYSTEM
 FROM THE PARENT SOLAR NEBULA. "IN VIEW OF THE EFFECT ON :
- TERRESTRIAL SURFACE PROCESSES, THE VARIATION OF SOLAR
LUMINOSITY WITH TIME IS ALSO CONSIDERED WITH THE SUGGEST | ON
THAT CONCLUSIONS ABOUT THE EARLIEST OCCURRENCE OF RUNN | NG
WATER ON THE EARTH'S SURFACE MAY HELP IN'THE CALIBRAT I ON
OF THE EVOLUTION OF SOLAR LUMINOSITY. CONGLUSIONS REGARD ING
THE PREGEOLOGIC ACCUMULATION OF THE EARTH ARE REVIEWED;
ACCRETION FROM COLD, SOLID OBJECTS PROBABLY!IN THE FORM oF

WHISKER~LIKE CRYSTALS iS EMPHASI ZED.

THE SECOND PART DESCRIBES DATA AND DIRECT CONGLUSI!ONS.
RELATING TO THE OLDEST KNOWN ROCKS WHICH HAVE BEEN FOUND
‘DISTRIBUTED- THROUGH A ROUGHLY NORTH~SOUTH BELT IN SOUTHEAST
AFRICA, IN THE KoLA PENINSULA oF NORTHWESTERN USSR, In
SOUTH CENTRAL MANITOBA, CANADA AND IN THE NORTHERN ROCKY
MOUNTAINS OF THE UNITED STATES. THESE OLDEST ROCKS, WHiCH
-HAVE TERMINAL AGES FROM 3.2 TO 3.6 BILLION YEARS IMPLY
EROSIONAL PROCESSES BACK ABOUT It B1LLION YEARS AGO.

" THE LAST PART OF THE REPORT DESCRIBES ASTROPHYS|CAL -©
AND GEOLOGICAL CONCLUSIONS DERIVED FROM A CONSIDERATION OF
THE OLDEST ROCKS AND MODERN CONCEPTS OF THE ORIGIN AND

ACCUMULATION OF THE EARTH.

PRT ] e
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1. FROM THE INFERENCE THAT RUNNING WATER EXISTED AT LEAST

L srLLion YEARS AGO, IT SEEMS THAT TEMPERATURES WERE MOSTLY
ABOVE=FREEZING AT THIS TIME. SINCE THE PRPM(TIV; ATMOSPHERE

|S SHOWN TO HAVE HAD A LOWER GREENHOUSE EFFECT THAN AT PRE-
SENT, SURFACE TEMPERATURES MUST HAVE BEEN CONTROLLED BY

" SOLAR LUMINOSITY. ACCORDING TO OUR CALGCULATIONS OF TERRESTRIAL
TEMPERATURES BASED ON CURRENT SOLAR MODELS, EITHER SOME
REVISION OF THESE MODELS IS NECESSARY OR THE AGE OF THE

" EARTH AND SUN MUST BE 'GREATER THAN ll.5 anp 5 BlﬂLION YEARS
RESPECTIVELY IN ORDER THAT RUNNING WATER EXISTED AT LEAST

h BILLION YEARS AGO. ‘, .
2. SINCE RATES OF WEATHERING AND EROSION VARY DIRECTLY

" WITH TEMPERATURE, ATMOSPHERIC WATER coﬁTENT AND VEGETAT I ON
COVER, ALL OF WHICH |NCREASED WITH GEOLOGIC TIME, IT IS
SUGGESTED THAT EROSIONAL RATES ALSO INGREASED, AND WERE
VERY SLOW INITIALLY. IN TURN, THE PERIOD OF DURATION OF
GEOSYNCLINAL CYCLES SHOULD HAVE DECREASED WITH TIME AS
EROSION AND RESULTING SEDIMENTATION INCREASED.

3. THEORIES OF THE ORIGIN OF CONTINENTS BY SEGREGATION
FROM THE MANTLE CANNOT BE RECONCILED WITH THE TIME SCALE
PROVIDED BY CALCULATIONS FROM THE THERMAL HJSTORY OF THE
EARTH AND THE CURRENTLY ACCEPTED AGE OF 1.5 BILLION YEARS., -
ARGUMENTS ARE GIVEN IN SUPPORT OF THE HYPOTHESIS THAT THE
CONTINENTS ORIGINATED BY IMPAGCT FROM EXTRA=TERRESTRIAL
SOURCES AND WERE MODIFIED BY SUBSEQUENT GEOLOGIC PROCESSES
AND MANTLE ADMIXTURE.
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INTRODUCTION'

- As THE'DATING OF THE OLDEST ROCKS IN THE EARTH's CRUST
IS PUSHED FURTHER BACK IN TIME, THE INTERPRETATION OF EARLY
GEOLOGIC PROCESSES BEGINS TO MERGE wITH THE REALM OF ASTRO=-
'PHYS i CAL THOUGHT RELATING TO THE ORIGIN OF THE SUN AND
EARTH AND THE REST OF THE SOLAR SYSTEM. One OF THE MOST
SIGNIFICANT DEVELOPMENTS IN ASTROPHYSICS, IN RECENT YEARS
HAS BEEN THE CLEAR DEMONSTRATION THAT STARS MUST BE FORMING
CONTiINUOUSLY, INVOLVED IN TH.I 3 SCHEME IS THE MECHANISM OF
STAR FORMATION AND EVOLUTION TOGEIHER WITH AN ESTIMATE OF
STELLAR AGES. IN THE BORDERLAND BETWEEN ASTRONOMY AND GEOLOGY
IS THE APPLICATION OF GEOCHEMI STRY, GEOPHYSICS AND ASTRO-
PHYSICS TO DETAILED INVESTIGATIONS OF THE PROBLEM OF THE
ORIGIN OF THE EARTH AND SOL%R SYSTEM. AND IN THE REALM OF
GEOLOGY, THE DATING OF ROCKS OF GREAT ANTIQUITY PROVIDES THE
NECESSARY DATA FOR THE INTERPRETATION OF PROCESSES IN THE
PRIMEVAL. EARTH. THESE AREAS O% INVESTIGATION MUST ULTIMATELY
YIELD A CONSISTENT PATTERN FOR THEY DEAL WiTH CONNECTED .AND
CONT | NUQUS STAGES iIN THE DEVELOPMENT OF THE SUN AND EARTH.

ALTHOUGH ANY CURRENT ATTEMPT AT A SYNTHES!S MUST BE A
1AZARDOUS ONE, WE BELIEVE THE ATTEMPT 1S NOW JUSTIFIED 1IN
JLEW OF THE PROGRESS IN THESE RELATED AREAS. AND AL%HOUGH
THE ANALYSIS MAY BE ONLY PARTLY SUCCESSFUL, 1T MAY NEVERTHELESS

INDICATE BOTH CONSISTENCIES AND INCONS1STENCIES IN MODELS
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AND THEORIES, AND ALSO SUGGEST WHERE VITAL BOUNDARY
CONDITIONS EXIST FOR FITTING THEORY WiTH FACT OR OTHER
THEORY. FOR EXAMPLE, A SUGGESTION RELATING TO THIS WAS
MADE 8Y SCHWARZCHILD (1958) WHEN HE ASKED WHETHER THE
'PREDICTED INCREASE IN LUMINOSITY OF THE SUN GOULD HAVE
HAD OBSERVABLE GEOLOGICAL EFFECTS. AN IMPORTANT, BUT
BRIEF EXAMINATION OF THIS POINT WAS MADE 8Y RINGWOOD (1960).
As PART OF THIS INVESTIGATION WE PREFER 7O REVERSE
THE THINKING OF SCHWARZCHILD AND RiNGWOOD BY DETERMINING
WHAT BEARINGS EARLIEST OBSERVABLE GEOLOGIC PROCESSES 'HAVE
ON THEORETICAL PREDICTION OF INCREASING SOLAR LUMINOS}TY;
THIS IN TURN HAS FURTHER IMPLICATIONS RELATED TO MANY
FACETS OF THE PRIMEVAL EARTH.
THE ANALYSIS IN THIS REPORT IS DIVIDED. (NTO THREE
MAJOR PARTS. [N THE FIRST, A SUMMARY OF THE CURRENT BACK- "
GROUND RELATING TO THE ORIGIN OF THE SUN AND EARTH 1S |
GIVEN [N TERMS OF THE RECENT DATA AND THEORY OF ASTRO-
PHYS1CS AND GEOCHEMISTRY. LN THE SECOND PART, A SUMMARY
OF THE DATA OF THE OLDEST ROCKS 1S REPORTED TOGETHER WITH
THE IMMEDIATE CONCLUSIONS RESULTING THEREFROM, THE BROAD
ASTRONOMI CAL AND GEOLOGICAL CONCLUSILONS DERIVED FROM THE'
PREVIOUS INFORMATION ARE GIVEN IN THE THIRD AND FINAL

PART., -
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ASTRONOMI CAL BACKGROUND

ORIGIN OF SOLAR Tvpe::Stars

ASTRONOMI CAL EViDENGE INDICATES THAT STARS ARE FORMING
.. CONTINUOUSLY FROM CLOUDS OF DUST AND GAS AS ELABORATED BY
- Bumrs 1peE- AND Bugrsipge (1958).

UNDER suiTABLE COND I T IONS (HOYLE, 1960; SPITZER,
CAMERON, 1962) THEsE CLOUDS MAY CONVERT KINETIC ENERGY
EITHER TO RADIANT ENERGY WHICH s LOST TO'SPAQE; OR TO
-ENERGY OF MOLECULAR DISSOCIATION AND IONLZATION RESULTING

tN. CONTRACTION OF THE CLOUD. THESE PROCESSES WOULD LEAD TO
| NGREAS | NG TEMPERATURE AND DENSITY WITH THE GLOUD BECOMING
LUMINOUS AT SOME STAGE. ULTIMATELY, THE GENTRAL TEMPERATURE
AND DENSITY WOULD REACH A POINT. WHERE NUCLEAR REACT -ONS
OCCUR RELEASING ENERGY AT A MORE RA®|D RATE AND FINALLY
CAUSING CONTRACTION TO CEASE. THe INITIAL NUCLEAR ENERGY
'PHASE 1S RELATIVELY LONG IN THE LiFE HISTORY OF A STAR S0
THAT MOST STARS HAVE OBSERVABLE FEATURES CHARACTER!STIC OF
TH1S PHASE. IN THE RusseLL-HerTzsprunG DlAGRAq, WH1CH SHOWwS
STELLAR LUMINOSITIES PLOTTED AGAINST COLOR OR TEMPERATURE,
THERE IS A MARKED CONCENTRATION IN A NARROW REGION CALLED
"tHE MAIN-SEQUENCE" (StrRuvE, 1950; Are, 1958; ScHwarziHi Lo,
1958). STARS IN THIs PHASE: OF DEVELOPMENT, SUCH AS THE SUN,
ARE THEREFORE REFERRED TO As "MAIN-sequence” sTags. DURING
THEIR EVOLUTION THEY DEVIATE PROGRESSIVELY AWAY FROM THE

MAIN SEQUENCE, BUT THE"SUp, WHICH 1S AT LEAST 5 BiLLIoN



YEARS OLD STILL LIES WITHIN THIS GROUP INDICATING IT HAS
UNDERGONE LITTLE EVOLUTIONARY CHANGE.

IN GENERAL, STARS FORM AS VERY LOCALIZED NULTIPLE

sysTEmMs (VAN DE Kamp, 1953) wiTH BINARIES PREDOMINAT ING.

ON A LARGER SCALE THEY SEEM TO FORM PRIMARILY IN GROUPS

WITH MEMBERS NUMBERING IN THE HUNDREOS. THEORiES OF STAR
FORMATION, REVIEWED BY BURBIDGE AND BURS (DGE (i959), ARE

NOT DETAILED ENOUGH TO ACCOUNT FOR THESE FEATURES EXCEPT

IN A GENERAL WAY. WHATEVER THE PROCESSES OF STAR FORMAT | ON
MAY BE, IT 1S BELIEVED THAT MAIN-SEQUENCE STARS LIKE THE
SUN- ARE SURROUNDED INITIALLY BY CLOUDS OF GAS AND DUST.
EVIDENCE TO SUPPORT THIS VIEW ARISES FROM THE |NTERPRETAT|ON
(Hersia, 1962) oF THE T TAURI CLASS OF VARIABLE STARS AS
BEING IN PROCESS OF FORMATION. THESE STARS COVER A RANGE OF
SPECTRA WHICH INCLUDES THAT OF THE SUN.

| T 1S NOT AN UNREASONABLE HYPGTHESIS THAT UNDER SOME
CIRCUMSTANCES, PARTICULARLY FOR SINGLE STARS, A PLANETARY
SYSTEM MAY DEVELOP OUT OF THE SURROUNDING NEBULOSITY. THIs
I'S THE REASONING BERIND THE CURRENT THEORIES OF THE ORIGIN
OF PLANETARY sysTems (Hovie, 1960; Cameron, 1962).

IN ORDER TO INTERPRET BOTH CHEMICAL ANALYSES OF METEOR—
|TES AND THE EARTH'S CRUST, AND RADIOAGTIVE DAT ING MEASURE-
VENTS, A KNOWLEDGE OF THE PRIMORDIAL COMPOSITION 1S REQUIRED.
A THOROUGH DISCUSSION OF ABUNDANCES OF THE ELEMENTS HAS
3EEN GIVEN BY SUESS AND UREY (1956). HOWEVER, THEIR Dis-

SUSSION DID NOT TAKE INTO ACCOUNT THE NOW WELL ESTABLISHED
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"ty

RESULT THAT ELEMENT DISTRIBUTIONS DIFFER AMONG STAR GROUPS

IN THE GALAXY (ScHwarzsCcHILD, 1958; BureipGE ANDQ BURBIDGE,
1958; ALier, 1958).

| THE THEORY OF ELEMENT FORMAT!ON IN STARS STARTS WITH

A PURE HYDROGEN GALAXY FROM WHICH THE INDIVIDUAL STARS FORM.
NUCLEAR PROCESSES SUPPLY STELLER ENERGY AND iN THE PROCESS
CONVERT HYDROGEN TO HEAVIER ELEMENTS. AT A LATE STAGE OF
DEVELOPMENT STARS MUST EJECT A CONS!DERABLE FRACT 1 ON OF
THEIR MASSAS INTO INTERSTELLAR SPACE AS IN THE CASE OF SUPER-
NOVAE. THE RESULTING NEBULOSITY LEADS TO A SECOND GENERATIO}
OF STARS ENRICHED IN HEAVIER ELEMENTS. JHE SUN APPEARS TO
BELONG TO A STILL LATER CYCLE IN WHICH THE CONCENTRATION OF

HEAVIER ELEMENTS HAS BEEN INCREASED STILL FURTHER.

Ace aND EvoruTion 0F TRHE Sun

THE AGE OF THE SUN PLACES LIMITS ON THE TIME SCALE FOR
FORMATION OF THE EARTH. INITIAL LUMINOSITY AND SUBSEQUENT
EVOLUTIONARY CHANGES FOR THE SUN ARE PRIMARY FACTORS DETER-
MINING THE TEMPERATURE OF THE CLOUD FROM WHICH THE EARTH
FORMED AND SUBSEQUENTLY THE EARTH'S SURFACE TEMPERATURE.

THE MAJOR INITIAL EVOLUTIONARY CHANGE IN A STAR (S {TS
iNCREASING "LUMINOSITY. CALCULATIONS FOR THE SUN, FIRST
CARRIED OUT 8Y ScHwARZSCH!LD {1958) AND HiIS ASSOCIATES
SHOWED THAT WITH AN INITIAL COMPOSITION OF 79-80 PERCENT
HYDROGEN, AN INCREASE OF ABOUT L0 PERCENT IN LUMINOSITY

WOULD HAVE OCCURRED IN ABOUT 5 BILLION YEARS,



I

IN GENERAL THE AGE OF THE SUN HAS BEEN ASSUMED TO BE
" ABOUT 5 BILLION YEARS (SCHWARZSCHILD,‘1958) ON THE BASIS

THAT T 1S NOT MUCH OLDER OR YOUNGER THAN THE EARTH.

HASELGROVE AND HovLe (1959) mave atrempren To DEDUCE THE

SUN's AGE.EROM THE TIME IT WOULD TAKE A HOMOGENEOUS STAR oOF
-THE SUN'S MASS AND INITIAL COMPOSITION TO EVOLVE TO THE
PRESENT SUN. ONCE THE SUN BECAME A MAIN~SEQUENCE STAR THE
CONVERSION OF HYDROGEN TO HELIUM IN ITS CENTRAL -REG)ONS

WOULD DESTROY THE HOMOGENEITY BY PRODUCING A GROWING CORE
DEPLETED IN HYDROGEN. HOYLE'S CALCULATIONS START WITH AN
INITIAL SUN HAVING A HYDROGEN TO HEL1UM MASS RATIO OF 3, A
VALUE ALSO ADOPTED 8Y Suess anp Urey (1996). ALTHOUGH ThHe
RATE OF HELIUM FORMATION IN THE GALAXY IS AN UNCERTAIN_QUANTITY

2

DETERMINAT [ONS OF THE HYDROGEN TO HELIUM MASS RATIO (ALLER,
Lhe past

1958) FOR LUMINOUS HOT STARS FORMED W1THENA10§ YEARS VARY

FROM 2 T0 5. BECAUSE THESE STARS ARE MUCH YOUNGER THAN

THE SUN, THEY SHOULD CONTAIN RELATIVELY MORE HEL IUM,

THE "zERO-AGE" SUN WOULD HAVE mAp asout 0.7 OF THE
PRESENT LUMINOSITY. WITH THE ADOPTED COMPOSITION, 5.0
BILLION YEARS WOULD HAVE BEEN REQUIRED TO ATTAIN THE PRESENT
LUMINOSITY. THE RATE OF STELLAR EVOLUTION IS GREATER AT
LOWER HYDROGEN CONCENTRAT | ONS (Hovie, 1959). For two
STARS HAVING APPROXIMATELY SOLAR LUMINOSITY BUT DEPLETED

IN HEAVY ELEMENTS {Type || STAR) COMPARED WiTH THE suN, HoviLe

FOUND THAT FOR 99 PER CENT HYDROGEN THE TIME SCALE OF
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COND I TIONS OF ACCUMULATION. - - QUITE CONCLUSIVE EVIDENGE

FOR THE FORMATION OF THE EARTH AND METEORITES FROM SOLiIDS :
AT LOW TEMPERATURES HAS BEEN PRESENTED BY Browy (1952) ano
U%EY (1957a,8).

.- BROWN COMPARED RATIOS OF TERRESTRIAL TO COSM!IC ABUNDANCES
OF THE NOBLE @Ases, Ne, A, Kr, Ano XE, WITH SIMILAR RATIOS
FOR THE MORE REACTIVE GASES, H20, CO, N ano O . ForR THE
LATTER GROUP THE RATIOS OF TERRGSTRIAL TO COSMIC ABUNDANGCES
ARE MUCH HIGHER THAN FOR THE INERT NOBLE GASES. Because ALL
OF THE ABOVE MOLECULES HAVE COMPARABLE MOLECULAR WE I GHTS,
GAS PHASE FRACTIONATION IN A GRAVITATIONAL FIELD COULD NOT
HAVE PLAYED AN IMPORTANT PART IN THEIR ACCUMULATION. THE
REACTIVE GASES MUST THEREFORE HAVE BEEN RETAINED CHEMICALLY
IN SOLIDS UNTIL THE EARTH WAS LARGE ENOUGH TO HOLD THEM IN
GASEOUS FORM. A CONSEQUENCE OF THIS REASONING IS THAT THE
ATMOSPHERE AND HYDROSPHERE MUST BE ENTIRELY OF SECONDARY
ORIGIN.

BrOwWN suGGESTS THAT HZO WAS PROBABLY IN THE FORM OF
AYDRATED MINERALS. THIS WOULD HAVE LIMITED TEMPERATURES TO
VALUES BELOW WHICH SUCH HYDRATES ARE STABLE.

UrReY (1957A) CARRIED OUT A SOMEWHAT SIMILAR ANALYS:S FOR
LESS VOLATILE ELEMENTS AND CONFIRMED THE LOW TEMPERATURE
SOLID ACCUMULATION HYPOTHESIS. ZINC, CADMIUM, ARSENIC, AND
MERCURY ARE RELATIVELY VOLATlLé OR FORM VOLATILE COMPOUNDS
IN'A MIXTURE HAVING COSMIC PROPORTIONS OF THE ELEMENTS. As

NO EVIDENCE FOR THE DEPLETION OF THESE ELEMENTS EXISTS, THEY

ST HAVE ALSO BEEN CAPTURED IN THE FORM OF SOLID PARTICLES.
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Urey CONCLUDES THAT TEMPERATURES DURING THE FORMATION OF THE
EARTH WERE LESS THAN A FEW HUNDRED DEGREES CENT!GRADE. HMHoww-
EVER, TII'?ZRATURES COULD NOT HAVE BEZEN EKTREMELY.hOW OR.THE
NOBLE GASES woulb HAVE CONDENSED OUT OR MAVE BEZEN ARSORBED
ON THE soOL|D PART!bLES AND THEIR DEPLETION WOULD HAVE BEEN
LESS THAN OBSERVED. HENCE, THE TEMPERATURE OF ACCUMULATION

SEEMS LIMITED TO A RANGE THAT APPROXIMATES PRESENT SURFACE

TEMPERATURE RANGES,

ME CHAN 1 SM OF PLANET ACCUMJLATION. - - THE MAUOR ATTEMPTS

TO EXPLAIN THE FORMATION OF THE FOUR INNER OR TERRESTRIAL
PLANETS FROM SOLIDS ARE THOSE 8Y UreY (1957a,8, 1958) ano THe
SovIET ScrooL (SchmioT, 1955, 1958; Levin, 1956, 1959). A
DISCUSSION OF THE SUBSEQUENT DEVELOPMENT OF METEORITES AFTER
ACCUMJLATION HAS BEEN GIVEN BY ANDERS AND HIS ASSOCIATES
(Fisn €7, AL., 1960; ANDERS AND GoLes, 1961). As THE SURFACE
TEMPERATURE, COMPOSITION AND STRUCTURE OF THE SROWING PLANET
DEPEND UPON Th& ACCUMULATION MECHANISM, THIS PROCESS HAS AN
IMPORTANT BEARING UPON THE STRUCTURE OF THE EARTH AND THE
PRIMITIVE CRUST.

- THE MECHANISM FOR CAUSING MORE OR LESS SPHERICAL, SOLID
GRAINS TO AGEREGATE' INTO LARGE MASSES HAS BEEN OSSCURE N ALL
ATTEMPTS TO FORM LARGE OBJECTS. A RECENT PROPOSAL (Donn AND
Sears, 1963} PoINTS OUT THAT IN THE SOLAR NEBULA CONDENS|NG .

PARTICLES SAOULD HAVE INCLUDED A LARGE PROPORTION OF
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[RREGULARLY SHAPED GRAINS IN THE FORM OF PLATES, FILAMENTS
AND VARIQUS CONMB INATIONS, THESE PARTICLES wWOULD HAVE THE
PROPERTIES ASSOCIATED WITH MINUTE PERFECT CRYSTALS OR WHISKERS,
{.E., MECHANI!CAL STRENGTH AND ELASTICITY SEVEﬁAi ORDERS OF
MAGNTTUDE GREATER THAN FOR BULK MATERIAL OF THE.SAME
COMPOS[TIbN. THE SHAPE AND STRENGTH. OF THESE GR&INS RROVIOE
A MEANS FOR THEM TO COHERE UPON COLLISI.ON. THE RESULTING
AGGREGATE WwWOULD BE.A LOW DENSITY POROUS OBJECT AND AN

EFFICIENT COLLECTOR OF ALL PARTICLES STRIKING 1T

- LOMPOSITION OF ACCRETING MATERIAL. — ~ THE COMPOSITION OF

THE PARTICLES FROM WHICH THE EARTH FORMED DEPENDED UPON THE
TEMPERATURE OF THE NEBULA AND ITS HISTORY. "IN UReY's Two-
STAGE PROCESS THE FRAGMENTED SOLIDS WERE OF METALLIC OR
SILICATE COMPOSITION. |F TEMPERATURES WERE LOW ENOUGH, SOME
OF THE VOLATILE COMPONENTS OF THE GAS WOULD HAVE CONDENSED
ALSO. A DIFFICULTY WITH THIS SCHEME WHICH UREY (1957a) wHAs
EMPHASIZED 1S THE MECHANISM OF ACCUMULATION OF THE PRIMARY
AND SECONDARY OBJECTS INTO THE PLANETS.

IN GENERAL ONE WOULD EXPECT SOLID GRAINS CONDENSING IN
THE SOLAR NEBULA TO FORM WHISKERY PARTICLES AS NOTED BY
Donn Ano Sears (1963). THE CONDENSATION OF NEBULAR MATERIAL
fNTo SPHEé}cAL-PARTJCLEs WOULD HAVE REQUIRED VERY SPECIAL

CONDITIONS SUCH As PROPOSED 8Y Wooo (196%) FOR THE ORIGIN

OF CHONORULES..
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THE WATER IN THE EARTH MAY HAVE RESULTED FROM THE
ACCRETION OF ICE GRAINS. TH1S WOULD REQUIRE QUITE LOW :
TEMPERATURES IN THE”REGION OF THE EARTH AS PROPOSED BY
Schmiot (1955) ano Opik (1962). Brown (1952) ano LATiMeR
(1950) Prorosep THAT THE WATER WAS INCLUDED IN HYDRATED
MINERALS. HYDRATED SILICATES WITH THEIR COMPLEX CRYSTAL
STRUCTURE COULD FORM FROM A MELT (Urey, 1957A); BUT HARDLY
SEEM POSSIBLE FROM THE VAPOR PHASE. THE MEANS OF ACCUMULAT I.ON
COULD HAVE BEEN AS SIMPLER HYDRATED MOLECULES (MGOH NH OH)

AS ICE PARTICLES OR AS ADSORBED WATER ON. SIL.CATE GRAINS
(Urey, 1952a).

A RATHER THOROUGH DISCUSSION OF CHEMICAL REACTIONS IN
THE SOLAR NEBULA HAS BEEN GIVEN BY URrey (19528). LaTimer
(1950) ano Eucken (194)) HAveE ALso CONSIDERED THIS PROBLEM.

AT LOW TEMPERATURES, STABLE, NON-VOLATILE GRAINS ARE S102%
FEZSIO , MGESth, FES, AND FE 0 AS weLL As VARIOUS METALLIC
OXIDés. AMONG STABLE VOLATILE CONSTITUENTS ARE H o, NH

AND NH OH. PRESUMABLY THE OR1GINAL GRAINS HAD MUCH THE

ABOVE COMPOSITION,

-

TEMPERATURE OF AN ACCRETING EARTH, - THE TEMPEZRATURE OF
THE ACCRETING EARTH WAS A DOMINANT FACTOR IN DETERMINING THE
COMPOSITION AND STRUCTURE OF THE EARTH AND THE RATE OF
ATTAINING I'TS ULTIMATE CHARACTERISTICS. A GOMPLETE DISCUSSION
BECOMES TOO INVOLVED TG INCLUDE HERE, 'BUT A SURVEY OF

ANALYSES OF SUCH TEMPERATURES I8 PRESENTED. THE FOLLOWING
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FACTORS: CONTRIBUTED TO THe HEATING OF THE EARTghhS 1T FORMED:
(1) TEMPERATURE oOF THE SOLAR nesuLa, (2) ccwva%éﬁom oF
POTENTIAL AND KINET|G ENERGY OF PARTICLES TO HEAT, (3) reLeass
OF CHEMICAL ENERGY OF METASTABLE SPECIES STORED AT LOw
TEMPERATURES, (1) work pone iy COMPRESSING MATERIAL FROM
INITIAL LOW DENSITY, AND (5) RAD)OAGTIVE DECAY.

BECAUSE oF THE REqUiREMENT OF A LOW TEMPERATURE
ACCUMULATION THE FIRST FACTOR WAS NEGLIGIBLE, [NITIALLY
PROCESS C WAS INEFFICIENT BECAUSE OF LOW IMPACT VELOCITY
AND SMALL MASS. AS THE EARTH BEGAME LARGER BOTH FACTORS iN
2 BECAME MORE EFFECTIVE AND AT SOME STAGE A HIGH SURFACE
TEMPERATURE MAY HAVE DEVELOPED. Howeveg AS THE TERMINAL STAGE
APPROACHED WITH THE EARTH NEAR FULL §) 78 THE RATE OF GROWTH
WST HAVE DECLINED, APPROACHING ZERO AS ACCUMULAT ION WAS
COMPLETED. THIS FEATURE MAS NOT BEEN TAKEN INTO ACCOUNT |N
ANY OF THE TEMPERATURE DETERMINATIONS (TerR Haar ano WereeLAND,
1947, BenFigro, 1950, Evc.) ALTHOUGH 1T WAS POINTED OUT BY
Levin (1957).  The net EFFECT WAS THAT THERMAL RAGIATION
COMBINED WITH A SLOW RATE OF CONVERS!ON OF KINETIC OR POTENTIAL
ENERGY TO HEAT WOULD HAVE PREVENTED M)an SURFACE TEMPERATURES
'N THE FINAL STAGES OF FORMATION. LocaL HIGH TEMPERATURES
PROBABLY OCCURRED FROM OCCAS|ONAL 1MPAGTS AT THAT STAGE
BECAUSE THE ACCUMULATING GRAINS WOULD HAVE AGGREGATED INTO
LarGER oBuecTs (Op1k, 1962; Donn Ano Sears, 1963 ) wHicH woulso
HAVE GENERATED HIGH TEMPERATURES (N THE IMPACT ZONE. Uacy's

LUNAR CALCutaTiOoN (1952, ». 57) SUGGEST THAT RAPID COOLING
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WOULD OCCUR IN THESE LOCALLY HEATED ZONES.

IN A LOW TEMPERATURE NEBULA, CHEMICAL HEA&ING (PrOCESS ?)
MAY HAVE BEEN IMPORTANT FOR OBUECTS MUCH SMALLER THAN THE
EARTH OR DURING THE INITIAL STAGES OF GROWTH. WHEN THE EARTH
WAS NEARLY FULL SIZE CHEMICAL ENERGY WOULD BE RELEASED
IMMEDIATELY ON IMPACT AND ITS EFFECT INCLUDED iN THE IMPACT
HEATING WHICH WOULD BE SMALL AT THIS STAGE.

- PROCESS I, THE COMPRESSIONAL HEATING, HAS BEEN INVESTI-
GATED' BY Lusimova (1958) anp Mac Donato (1959) wHosE REsSULTS
SHOW THAT THE TEMPERATURE RISE IN THE CENTER WOULD HAVE
BEEN ONLY A FEW HUNDRED DEGREES. IN FACT, LUBIMOVA CONCLUDES
THAT THE RISE FROM THE COMBINED EFFECTS OF IMPACT, RAD [ O—
ACTIVE HEATING AND COMPRESSION WOULD ONLY HAVE seen 1200
DEGREES.

MOST CALCULATIONS OF TEMPERATURES ARISING FROM RAO!O-
ACTIVE DECAY, PROCESS 5, DON'T APPLY-BECAUSE IN THE RRESENT
CASE WE ARE CONCERNED WITH AN EARTH OF ESSENTIALLY UNIFORM
comPOsITION. MacDonaLD (1959) FOUND FOR SUCH CIRCUMSTANCES
THAT MELTING TEMPERATURES FOR A METALLIC PHASE WOULD BE
ATTAINED 0.5 TO 2 X 103 YEARS AFTER AGGREGATION. DIifFFEREN~
TIATION OF A CORE WOULD THEN OCCUR A LONG TIME AFTER
AGGREGATION. MACDONALD DOES NOT CONSIDER MANTLE-CRUST
DIFFERENTIATION BUT [T IS APPARENT THAT [T WOULD TAKE LONGER
YET IF IT COULD OCCUR AT ALL.

N SUMMARY, PRESENT IDEAS CONCERNING THE ORIGIN AND

ACCUMJLATION PROCESSES ARE FAR FROM DEFINITIVE BUT CERTAIN
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CONCLUSIONS CAN BE DRAWN REGARDING THE CHARACfERISTICS OF
THE EARTH AT THE TERMINATION OF THE ASTRONOM[C%L PHASE OF
ITS DEVELOPMENT ~ THE ACCUMULATION OF TS COMPLETE MASS.
THE EARTH'S COMPOSITION WAS BASICALLY THAT OF ; UNIFORM
MIXTURE OF RELATIVELY COLD SOLID GRAINS DURING ACCUMULAT | ON.
SUCH ACCUMULATION REQUIRES THE SUBSEQUENT HEATING AND SEGRE-
GATION @F THE INTERIOR FOR THE DEVELOPMENT OF THE PRESENT
STRUCTURE. BY THE TERMINAL STAGE THE CENTRAL.REGION WAS
PROBABLY WELL INTO- THE PROCESS OF HEATING, ALTHOUGH THE OUTER
PORTION MUST STILL HAVE RETAINED TS PRIMEVAL COMPOSITION AND
STRUCTURE. AT THE TIME OF THE EARLIEST DETERMINABLE GEOLOGICAL
PROCESSES THE DATA OF THE OLDEST ROCKS SHOWS THAT THE CRUST
WAS ALREADY WELL-DIFFERENTIATED. |IN THE FOLLOWING SECTONS
WE WILL TRY TO CONNECT THE ASTRONOM!CAL WITH THE GEOLOGICAL

PHASES BY A FURTHER INTERPRETATION OF THE OLDEST ROCKS.
THE OLDEST ROCKS

THE OTHER IMPORTANT EVIDENCES THAT MUST BE CONS|DERED
IN FORMING AN OPINION ABOUT EARLY CONDITIONS ON THE EARTH
ARE THE CHARACTERISTICS OF THE OLDEST ROCKS THAT HAVE BEEN
DISCOVERED. THE TWO REGIONS IN WHICH THE ROCKS OF GREATEST
MEAébRED ANTIQUITY OCCUR ARE SOUTHERN AFRICA AND THE KOLA
PENINSULA IN THE USSR. OTHER REGIONS IN WHICH ROCKS OF
NEARLY AS GREAT ANTIQUITY HAVE BEEN FOUND ARE IN CENTRAL

CANADA, WESTERN UNITED STATES AND WESTERN AusTRAL 1A,
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- SOUTH :AFR 1 CA

THE SEBAKWIAN SYSTEM REPRESENTS ONE OF THE OLDEST

GROUPS OF ROCKS FOUND 1IN THE CONTINENT OF AFRICA. THE MiICAS

FROM A PEGMATITE CUTTING TH1S SYSTEM HAVE BEEN DATED BY
TRE K/ARMETHOD (KuLp AND PoLDERVAART) AT 3.1 8.v. wHicH
MUST BE REGARDED AS A TERMINAL DATE FOR THE SEBAKWIAN. Wg
MUST EMPHASIZE THAT THIS, AND ALL K/AqEATEs TO' BE GIVEN,
MIJST BE CONSIDERED AS MINIMUM DATES OWING TO THE .POSSIBILITY ™
OF ESCAPE OF ARGON. ALTHOUGH THE CONCLUSIONS THAT FoLLOW .
LATER ARE BASED ON THE EXPERIMENTAL VALUES, A REVISION TO

SREATER AGES MAY BE JUSTIFIED |N THE -FUTURE.

ACCORDING TO. THE DESCRIPTION GIVEN 8Y MACGREGOR (1951),

THE SEBAKWIAN ROCKS OUTCROP IN A GENERAL NORTHEAST~SOUTHWEST

3ELT. FROM NEAR 'Mr. DARWIN 70 FiLABUS! N EASTERN SOUTHERN
?HODES{A. HOWéVER, BASED ON MORE RECENT OBSERVATIONS,
’OLDERVAART tPERSONAL COMMUNICATIO&)'CONSIDERS THAT ONLY
FHE ROCKS NEAR GWELO ARE AUTHENTIC SEBAKWIAN. THE GweLo
R0CKS I'NCLUDE HIGH GRADE "METAMORPHICS SUCH AS GRANULITES
VHOSE ORJIGINAL LITHOLOGY IS UNCERTAIN, FELOSPATHIC OR
\RKOSIC QUARTZITES AND DIRTY SANDSTONES WiTH LENSES OF
ZONGLOMERATE .

RESTING WITH HIGH ANGULAR UNCONFORMITY ON THE SEBAKerN
3YSTEM IS THE BuiLawavan System (MacGresor, 19U1), whicH
‘ONSISTS OF VOLCANIC GREENSTONES WITH INTERBEDDED ALGAL

AIMESTONES AT THE BASE, FOLLOWED BY ARKOSES, GRAYWACKES ANL

ERRUGINOUS CHERTY QUARTZITE. AT THE BiKiTa MINE, A PEGMATITE

.
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INTRUSIVE INTO THIS SEQUENCE HAS BEEN DATED AT 2.6 10 2.8 8.v.
(Kuee ano POLDERVAART ). ALL OF THESE ROCKS HAVE BEEN COMPLEXLY
FOLDED AND METAMORPHOSED AND. "invaoen" By GRANITE BATHOLITHS.,

ROCKS OF AN ANTIQUITY EQUIVALENT TO THAT OF THE SEBAKWIAN
OCCUR TO THE SOUTH IN SWAZILAND., AS DESCRIBED By HuNTER (f9§7),
THE BASEMENT COMPLEX DESIGNATED THE SWAZ!LAND System, 1s
COMPOSED OF COMPLEXLY FOLDED GNEISSES, GRANULfTEs AND
MPGMATITES., THE LOWEST MEMBER OF THE SYSTEM CONTA | NS
GRANODEORITIC GNE I SSES WiTH AUGEN OF FELDSPAR AND QUARTZ, AND
GRAVULITES WITH INTERCALATED QUARTZ SCHISTS. THE ONLY CLEARLY
Raceewaz&aaa METASED IMENTS OCCUR AS LENSES OF QUARTZITE. Tee
" PARAGNE I SSES ARE PREDOMINANTLY LiGHT~COLORED, BEING COMPOSED
ESSENTIALLY OF QUARTZ AND FELOSPARS. THESE ROCKS GRADE INTO
DARKER VARIETIES GONTA LNING HORNBLENDE AND PYROXENE. THE
NATURE AND COMPOSITION OF THE PRESUMED METASEDIMENTS OESCRIBED
HERE AND IN FURTHER DETAIL BY HUNTER SUGGEST STRONGLY AN
ORIGIN FROM A SIALJC SOURCE.

THE GRANITES FORMED IN THE METAMORPHISM OF THE SWAZ1LAND
SYSTEM HAVE BEEN DATED TENTATIVELY AT 3.0l 8.v. &Y ALLsorp,
ROBERTS, SCHREINER AND HUNTER (1962), wro usep THe Rs/Sw
METHOD ON THE ENTIRE ROCK SAMPLE. THIS DATE MUST ALSO BE
REGARDED AS A TERMINAL DATE FOR THE SWAZILAND CYCLE.

DATES FROM ROCKS IN THE BELG|AN Qomeo APPROACHING THIS
ANTIQUITY HAVE BEEN OBTAINED. AGes OF 3.31 To 3.43 a.vy.

HAVE RESULTED FROM THE METHOD OF MODERN LEAD IN GALENA

(Howes ano CaHEN, 1957). THESE DATES EXTEND THE REGION OF
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OLDEST ROCKS NORTHWARD FROM. THE EXPOSURES IN SOQTHERN
RuobEsiA.

THE GREATES} AGE SO FAR. OBTAINED WAS DETEéMINED FROM A
CHARNOKITE GRANITE COLLECTED BY A, POLDERVAART TO THE SOUTH=
EAST OF LAKE ViCTORIA IN NGRTHERN TANGA&YEKA (Kutp ano’
POLDERVAARE} PERSONAL COMMUNICAT!ONS) A K/ARAce oF 3.6°s.v.
WAS DETERMINED AT LAMONT ON THE ROGK WHICH IS DESCR&&ED AS
OCCURRING ON A HILL REPRESENTING THE REMNANTS OF A THRUST SHEET.
AN AGE OF 2.8 B.Y. HAS BEEN OBTAINED FROM THE DODOMAN SCHISTS
WHICH OCOUR OVER A LARGE REGION IMMEDIATELY TO THE WEST OF
THE GRANITE EXPOSURE.

KoLa PeninNsSULA

THE EARLY PRECAMBRIAN ROGKS IN THE KoLA PENINSULA ARE
FTGHLY METAMORPHOSED AND COMPLEXLY FOLDED. ALTHOUGH THE AGE
RELATIONS ARE NOT ENTIRELY CLARIFIED, A FAIRLY ORGAN!ZED
‘PICTURE CAN BE INTERPRETED FROM RECENT Sost? PUBLICATIONS
FROM WHICH THE FOLLOWING DESCRIPTIONS ARE TAKEN (VinoGrADOV
AND TUGARINOV, 1961; Lazko, 1962: PRYATKINA, 1960; MAKiIYEVSHI |
AND NiKOLAYEVA, 1962; POLKANOV AND GerLING, 1959, KHARATONOV .
OzHINSKi1, VOLODIN AND PouFyerov, 1961).

THE OLDEST ROCKS ARE THE KATgRCHEAN GROUP CONS1STING
OF A LOWER BIOTITE GNEISS comPLEX (KOLA Serigs) AND AN
“UPPER SERIES COMPOSED OF A VARIETY OF GNE I SSES AND AMPHIBO-
LITES., THiS GROUP IS NOW RECOGNI ZED AS BEING ‘OLDER THAN THE

LOWER ARCHEAN WITH WHICH IT WAS FORMERLY iNSLi}BEO.
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Al * a

THE LOWE§ KATARCHEAN 1S A GEOSYNCLINE WHléﬁ EXTENDS
EASTWARD FROM THE KoLA FUORD (NORTH-NORTHEAST OF MuRMANSK ),
THE MAJOR ROCK TYPES ARE B 10T ITE GNE I SSES AND GARNET I FCROUS
GNE1SSES. ACCORDING TO MacCiYEVsKI|I AND NiKOLAYEVA (1962) THE
OLDEST BIOTITE GNEISSES, WHICH ARE RESTRICTED TO THE CRESTS
OF ANTICLINES, OFTEN CONTAIN DARK-COLORED AMPHIBOLITIC SLATES
AND MAGNETITIC QUARTZITES. THE YOUNGER GARNETIFEROUS GNE|SSES
CONTAIN MORE ALUMINA ANC LESS IRON OXIDE AND MAGNESIA.

A K/ARGE oETERMINATIONS OF 3.4} 7o 3.48 B.Y. BY RoLKANOV
AND GERLING (1960) WERE MADE ON B10TITES FROM A B1OTITE GNE1ISS
OF THE KOLA SERIES IN THE VORONYA RIVER VALLEY. Kouvos AnD
KuLP (19671) HAVE CHECKED AND CONFIRMED THESE DATES. We AGAIN
MJST EMPHASI|ZE, HOWEVER, THAT THE DATE IS THAT OF THE
METAMORPHISM OF THE ROCKS, HENCE IT IS A TERMINAL DATE FOR THE
LOWER KATARCHEAN. THE DATES FOR THE TERMINATION OF THE UPPER
KATARCHEAN, GIVEN BY POLKANOV AND GERLING (1960) ano
PrRYATKINA (1960), FaLL seTween 2.6 and 2.8 B.v. -

IT 1S ALSO WORTHY OF EMPHASIS THAT THE PRESENGE OF THE
QUARTZITE LENSES IN THE LOWER KATARCHEAN OR KOLA SERIES MUST
INDICATE THE EXISTENCE OF A SIALIC PARENT ROCK FROM WH{CH
THE LOWER KATARCHEAN SEDIMENTS WERE DERIVED. . THIS WILL BE

DISCUSSED FURTHER IN A LATER SECT!ON.
THE METAMORPHIC ROCK SEQUENCE IN THE SOUTHERN PART OF
THE KOLA PENINSULA LS NOT AS CLEARLY DEFINED AS IN THE NORTH.

tazko (1962) pESCRIBES A KoLA-LIKE WHITE SEA’ SERLES OF
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BIOTITE GNEISSES, BIOTITE-GARNET GNEISSES, AND SILLIMANITE
GNEISSES, CONTAINING MANY AMPHIBOLITES AND PYROXENIC SLATES.
THESE MAY BE CORRELATIVE WITH SOME PART OF THE KATARCHEAN OF
THE NORTHERN KOoLA REGION ACCORDING TO MAG!YEVSKII AND
NikoLaveva (1962).. IN THE KANDALASH BAY SHORE REGION, A BELT
OF GRANITIZED GNEISSES CONTAINS AMPHIBOLITES WHICH |NCLUDE
CARBONATE LENSES. A K/AR DATE oF 3.25 B.v. ON 'A GRANITE FROM
THE SOUTHERN PART OF THE KoLA PENINSULA IS GIVEN BY POLKANOV
AND GERLiNG (1960). . ALTHOUGH POSITIVE CORRELATfONs HAVE NOT
-YET BEEN MADE, THIS DATE SUPPORTS THE VIEW THAT THE ROCKS OF
THE SOUTHERN PART ‘OF THE KoLA PENINSULA ARE AT LEAST £QUi=-
VALENT TO SOME PART OF THE KATARCHEAN OF THE NORTHERN PORTION‘

OF THE PENINSULA.

NorTH AMERICA-

ONE oF THE~OLDER PARTS OF THE CANADIAN SHIELD IS FOUND
ALONG THE WINNIPEG RIVER IN SOUTHEASTERN MANITOBA. THE OLOEST
ROCKS, WHICH ARE KNOWN AS THE RICE LAKE SERIES ARE DIVIDED
"INTO THREE PHASES. (WRiGHT, 1932). - THE LOWEST, MANGOTAGAN
'PHASE, IS COMPOSED OF QUARTZITE, GRAYWACKE, SLATE, CHERT
AND CONGLOMERATE IN PART RECRYSTALLIZED INTO GRANITE SCHIST

AND GNEISS.,

NUMEROUS PEBBLES AND BOULDERS OF GRANITE ARE FOUND 1IN
THE MANGOTAGAN COMGLOMERATE. THE GRANITIC SOURCE FROM WHICH
THIS MATERIAL HAS BEEN DERIVED MUST HAVE BEEN EXPOSED DURING

THE TiIME OF SEDIMENTATION OF MANY OF -THE MANGOTAGAN SED|-
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MENTARY UNITS ALTHOUGH NO CUTCROPS OF THE ORIGINAL ROCK HAVE
SO FAR BEEN FOUND., T MUST BE NOTED THAT DAVIES (1956) .
OFFERED SOME INCONCLUSIVE REASONS TO QUCST:ON }HE CONGLONERATIC
NATURE OF THE MANGOTAGAN CONGLOMERATE, SUGGEST I NG THE ROUNDED
AND ELONGAlED GRANITE FRAGMENTS WERE INTRUSIONS INTO AN
OR!GINAL SCHIST UNTIL THE RESULTS OF OUR FIELD STUDY AND
LABORATORY ANALYS'S AND DATING OF THIS UNIT IS COMPLETE, WE
'wtuL FOLLOW THE COMGLOMERATIC ORIGIN PROPOSED BY WRIGHT

.(1932), Derry (1930} ano Apringer (1949)

THE RicE LAKE SERIES HAS BEEN INVADED BY PEGMATITES THAT
POST-DATE THE METAMORPHISM OF THE SERIES. RB/SR AGE DETER-
MINATIONS (REVIEWED BY GASTIL, 1950) wH1CH HAVE BEEN PERFORMED
ON LEPIDOLITE FROM THESE PEGMATITES GYVE AN’ AGE OF ABOUT
2.65 B.Y. WHICH MUST 8E CONSIDERED A TERMINAL DATE FOR THE
Rice Lake cycLe.

THE TIGHTLY FOLDED RiCE LAKE FORMATIONS THUS APPEAR TO
BE A CORRELATIVE OF THE BULAWAYAN SERIES OF SOUTHERN RHODESIA
AND OF THE UPPER KATARCHEAN OF THE KoLA PENINSULA. THE
GRANITE BOULDERS IN THE LOWER RICE LAKE CONGLOMERATE MUST HAVE
BEEN DERIVED FROM EITHER A STILL OLDER OROGENIC BELT OR A
PRIMORDIAL GRANITE SOURCE. |F THE FORMER, THE ROCKS INVOLVED
IN THE OROGENIC BELT MIGHT WELL BE CORRELATIVE WiTH THE
SEBAKWILAN SYSTEM, THE SWAZILAND SYSTEM AND THE KOLA SERIES.

A RECENT sTuoY ofF THE U/PB SYSTEM IN ZIRCONS FROM ANGIENT
ROCKS OF THE BEARTOOTH MOUNTAINS OF MONTANA WAS MAOE BY

CatanzARO (1962). THE MAJOR ROCK UNITS IN THE AREA OF QUAD
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CREEK, WHERE MANY OF THE SAMPLES WERE TAKEN, oc%UR N A
TIGHTLY FOLDED SYNCLINE. THIS GROUP CONSISTS OF PRECAMBRIAN -
GRANITE GNEISS, MIGMATITE, METASEDIMENTARY ROCKS (PRIMARILY
PARAAMPHIBOL|ITES AND QUARTZITES DERIVED FROM ARENITES, LUTITES
AND POSSIBLE CALCILUTITES) AND METAMORPHOSED MAFIG D1 KES AND-
STOCKS égCKELMAggéAND PoLoervaART, 1957), THe AGES, BASED
UPON PB '7 / Ps IN ZIRCONS, RANGE FRoM 2.6 To 2.7 8.Y,

THE ZIRCONS ARE aNTéRPRETED AS DETRITAL GRAINS THAT HAVE
SURVIVED METAMORPHISM BUT HAVE OFTEN HAD suRFAcé OVERGROWTHS
DURING ONE OR MORE OF THE MAJOR EVENTS THAT AFFECTED THE
REGION AT 2.8, 1.8 ano 0.5 siLLION YEARS AGO. IT 1s RECOG-
NIZED THAT THE AGE DETERMINATIONS FROM THE Z!RCONS ARE
D:1SCORDANT AND Low. Discussions BY CATANzARo AND ALSO BY
KuLe (1962) LEAD TO THIS INTERPRETATION: "THE 1SOTOPIC AGES
'SUGGEST THAT THE ORI G'NAL ZIRCONS WERE FORMED AT LEAST 35
HUNDRED MILLION YEARS AGO AND PROBABLY !l THOUSAND MILLION
YEARS AGO, BUT EXPERIENCEE EPISODIC LEAD LOSS 2650 wmiLLION
YEARS AGO DURING THE LAST REGIONAL METAMORPHISM 'WHICH WAS
ACCOMPANIED BY PEGMATITE INTRUSION." Tris ace (2650 m.v.),
WHICH 15 BASED ON 1.SOTOPIC LEAD MEASUREMENTS FROM THE PEG~-
MATITIC MiICROCLINE (CATANZARO AND GAsT 1960), 1S PRESUMABLY
.POST-METAMORPHIC'BUT RELATEC TO THE OROGENY WHICH CULMINATED
IN THE METAMORPHIC ROCKS REFERRED TO ABOVE.

|T MUST AGAIN BE NOTED THAT THESE ANCIENT BEARTOOTH

METASED IMENTS CONTAIN ZIRCON GRAINS OF MUCH GREATER ANTIQUITY
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B

THAN THE MATRIX. ALTHOUGH ZIRGON OCCURS PN MQST IGNEQUS ROCKS,
'T PREPONDERATES IN GRANITES WHICH SEEMS THE L{KELY SOURCE"' ™"
OF THE SEDIMENTARY ZI1RCON. TH[S TOGETHER WITH THE Pacégkwcs
OF METAMORPHOSED QUARTZ SANDSTONES, THE SOURCE 'OF WHiCH HAS
NOT YET BEEN DISCOVERED, INDICATE A SIALIC PARENT ROGCK.

THE BEARToo%H METASEDIMENTS IN THE STILLWATER RiVER AREA
ABOUT 25 MILES NORTHWEST OF THE QUAD CREEK REG]ON HAVE ALSO
BEEN THE SUBJECT OF RECENT REINVESTIGATION. THE STILLWATER
[GNEOUS COMPLEX, DESCRIBED IN DETAIL .BY Hess §1§60) 1S
INTRUDED INTO THE BEARTOOTH GROUP WHICH HAVE BEEN DESCRIBED .
BY A, PoLpERVAART (PErRSONAL COMMUNICATION) TO CONSIST OF
SOME QUARTZITE AND [RON STONE MEMBERS WITHIN A MATN MASS oF
METAMORPHOSED POTASSIC SHALES, A K/AR DATE ON BIOTITE FROM
THE METAMORPHIC AUREOLE BORDERING THE NTRUSION WAS FOUND TO
8 3.2 8.v. (J. L. KuLP, PERSONAL COMMUNICATION): |N ADOITiON
TO DATING THE INTRUSION, THIS DATE ESTABL|SHES ATILEAST A
MINIMUM AGE FOR THE DEPOS!TIiON o% THE ORIGINAL BEARTOOTH
SEDIMENTS WHOSE COMPOSITION HERE AGAIN IMPLIES AN EARLIER
SIALIC. SOURCE

IN THE INVESTIGATION OF ANCIENT ROCK AGES N NORTHWESTERN
WYOMING, TO THE SOUTH OF THE BEARTOOTH RANGE, GILETTI AND GAST
(1961) ano BASSETT AND GiLeTT! (1963) reporT Re/SR AsEs up To
2.7 8.Y. on MUSCOVITE FROM PEGMATITES THAT CUT HIGHLY META-
MORPHOSED ROCKS. THESE AUTHORS CONGLUDE THAT THESE AGES,
WH1CH REPRESENT TERMINAL METAMORPHISM OF A SEDIMENTARY

SEQUENCE, ARE EXTENSIVE IN WESTERN AND CENTRAL ¥yoming., THe
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METASED IMENTS OF QUAD CREEK, NORTHWEST Wlyoming: AND THE STiL-
'WATER AREA APPEAR TO BE A UNIFORM GEOLOGIC REALM. THE FIRST
TWO SEEM TO BE CORRELATIVE WITH THE Rice LAke, BuLawavan AnD
UPPER KATARCHEAN. THE STILLWATER MAY BE OLDER,“POSSIBLY

CORRESPONDING TO THE STILL OLDER ROCXS IN AFRICA.

AUSTRAL LA

Accoroing To WiLson, .CoMPSTON, JEFFERY AND RiLEy (1960),
THE OLOEST ROCKS IN AUSTRALIA SHOW ESSENTIAL UNITY IN STRUCTURE
AND AGE IN A REGION OF ABOUT 500,000 SQUARE MILES IN WESTERN
AUSTRALIA. ALTHOUGH THE MOST ACCURATELY DATED AREA 1S AT
Bova, NEAR PERTH, WHERE THE TOTAL ROCK METHOD ON GRANITE GIVES
AN AGE OF 2.7 B.Y. FOR THE EMPLACEMENT OF THE GRANITE, Ra/Sr
AND K/AR AGE DETERMINATIONS OVER THE VAST AREA REFERRED TO
ABOVE ALSO GIve 2.7 8.y, (WITHIN A 1 PER CENT SPREAD) AT MANY
LOCALITIES. THIS LATTER AGE WAS DETERMINED ON LITHIUNM~BEARING
PEGMATITES WHICH INJECT THE KALGOORLIE GREENSTONES AND THUS
INDICATE THE DATE OF METAMORPHISM OF THIS WIDESPREAD ROCK
SYSTEM. THE GREENSTONES WERE DERIVED FROM BASALTIC AND
ANDESITIC LAVAS, PYROCLASTICS, BASIC AND ULTRABASI|GC INTRUS LONS,
BANDED IRON FORMATIONS AND |LL-SORTEG GCLASTIC SEDIMENTS.

THE GREENSTONES OCCUR IN LONG NARROW BELTS SURROUNDED
ON ALL SIDES BY GRANITE OR GRANITE GNEISS WilCH ARE REGIONALLY
CONCORDANT WITH THE GREENSTONES. THE GNEISSES, WHICH ARE IN
PART AT LEAST, 'REMETAMORPHOSED" INTO A COMPLEX CONTAINING

CHARNOCKITIC ROCKS OF ALL TYPES, ARE CONsiDERED BY WiLson (1958)
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TO BE THE OLDEST ROCKS PRESENT, AND TO REPRESENT, THE MORE
ACID CRUST ON WHICH THE ORIGINAL GREENSTONE SOURCE ROCKS WERE,
LAID DOWN. NO DATES ON THE ANCIENT GNEISSES HAVE BEEN GIVEN
ALTHOUGH AGE DETERMINATIONS ARE PLANNED. AT PRESENT, THEREFORE,
ANY TENTATIVE CORRELATION WITH ROCK GROUPS OF GREAT ANTIQUITY
‘ON OTHER CONTINENTS IS DIFFICULT.

OnE OF THé CLASTIC UNITS INCLUDED IN THE GREENSTONES
FROM SOUTHERN ‘CROSS HAS MORE RECENTLY BEEN DESCRIBED BY MaRSHALL,

May ano PerreT (196lL) To BE A FINE-GRAINED QUARTZITE CONSISTING

OF ANGULAR QUARTZ GRAINS,

DiRECT CONGCLUSIONS FROM THE GEOLOGIC DATA

THE DATA ON THE OLDEST ROCK SEQUENCES PROVIDE THE BASIS
FOR ESTABLISHING CERTAIN LIMITS REGARDING CONDITIONS AND
EVENTS IN THE E€ARLIEST GEOLOGIC PHASE OF EARTH HISTORY. LN
THE INTERPRETATION OF THESE DATA CERTAIN'ASSUMPTIONS OR
GENERALIZATIONS ARE INVOLVED. ALTHOUGH FURTHER STUDY MAY
ALTER OR REFUTE SOME OF THE CONCLUSIONS, THE METHOD OF
ANALYSIS SEEMS VALID.

In AFRICA AND THE KOLA PZNINSULA THE TERMINAL DATE FOR

THE EARLIEST KNOWN GEOSYNCLINE CYCLES 1S ABOUT 3.5 8.v. IN

]

ALL CASES [T 1S NECESSARY TO ASSUME A PRECEDING TIME INTERVAL
SUFFICIENTLY GREAT TO ACCUMULATE GEOSYNCLINAL PILES AND RAISE
THEM TO A HIGH DEGREE OF METAMORPH 1 SM, [T SEEMS POSSIBLE TO

ESTIMATE THE LENGTH OF THIS INTERVAL BY COMPARISON WITH THE
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INTERVAL OF LATER CYCLES WHOSE TIME LIMITS ARE BETTER KNOWN.

AsS NOTED EARLIER, THE NEXT MAJOR DIASTROPHIC EVENTS IN .
SOUTHERN RHODESIA AND THE NORTHERN KOLA PENINSULA OGCURRED
AT ABOUT 2.6 70 2.8 8.Y. [N VIEW OF THE LONG TIME INTERVAL
BETWEEN SUCCESSIVE TERMINAL EVENTS IT SEEMS VERY REASONABLE
TO CONCLUDE THAT THE EARLIEST CYCLE CUMINATING AT 3.5 B.vY.
MUST HAVE BEGUN AT LEAST Nl BILLION YEARS AGO. THIS ARGUMENT
IS GIVEN STRONG SUPPORT IN A LATER SECTION WHICH ZMPHASI! ZES
THE PROBABLE SLOW RATE OF EROSION (N AN EARLY GEOLOGIC TIME
AS A RESULT OF LOW TEMPERATURE, LC¥ ATMOSPHER!C WATER VAPOR
CONTENT AND ABSENCE OF ORGAMIC ACIGS.

THIS LINE OF REASONING LEADS TO THE CONCLUSION THAT
SUBAERIAL EROSION, INVOLVING RUNNMING WATER, WAS IN OPERATION
AT LEAST Il BILLION YEARS AGO. BECAUSE THESE £STIMATES ARE
BASED IN PART ON THE K/AR #rTwOC OF 1SOTOPIC DATING, THEY MAY
BE CONSIDERED MINIMAL OWING TO THE POSSIBLE LOSS OF ARGON AS
QOTED EARLIER. |T MAY ALSO 3E CONCLUDES THAT AT LEAST A
PORTION OF THE CONTINENTAL CRUST UNDERGOING ERGSION AS0UT
I BILLION YEARS AGO CONSISTED OF QUARTZSBEARING SIALIC
ROCK MATERIAL.

THE TIMING OF EVENTS FOR NORTH AMERICA IS NOT AS
DEFINITIVE BUT, NEVERTHELESS LEADS TO CONCLUSIONS OF
GREAT ANT!IQUITY REGARDING THE AGE OF THE FIRST EROSIONAL CYCLE.
THE TERMINAL EVENT OF THE FIRST CLEAR-~CUT SEDIMENTARY CYCLE IN
MaNITOBA 1S ABOUT 2.6 70 2.7 B.Y. |Ff THE GRANITE INCLUSIONS

IN THE RiCE LAKE CONGLOMERATES ARE CONSIDERED TO BE PRIMORDIAL
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CRUST, THE FIRST CYCLE WOULO HAVE BEGUN ABOUT 5.5 BiLLION

YEARS AGO. |F, HOWEVER, THIS GRANITE REPRESENTS THE CULMINAT,! ON
OF A PRECEDING GEOSYNCLINAL CYCLE, THAN THE FlggT CYCLE

-GOULD ALSO BE EXTRAPOLATED BACK TO AT LEAST 1. BiLLION YEARS.

IN THE BEARTOOTH REGION, (F THE ESTIMATED MINIMUM AGES OF

3.5 70 1.0 B.Y. FOR THE BEARTOOTH ZIRCONS ARE VALID, THEN A
SIMILAR HISTORY FOR THiIS REGION CAN BE ARGUED, PART!CULARLY

IN VIEW OF THE QUARTZ-~BEARING SEDIMENTS WHICH MUST CERTALNLY
HAVE BEEN DERIVED FROM SIALIC MATERIAL. THE STILLWATER DATE
CERTAINLY ESTABLISHES THE EXISTENCE OF A SEDIMENTARY PILE AT
3.2 B.Y. WHICH MAY HAVE BEGUN ABOUT 3.5 B.Y., .AS THE STILLWATER
SEDIMENTS INDICATE A SIALIC SOURCE THEY MAY REPRESENT THE
EROS1ON OF A PRIMORDIAL GRANITE CRUST OR AN EARLIER CYCLE

GRANITIZED MASS,

EVIDENCE FOR AN INITIAL ACID CRUST OVER AT tEAST A LARGE
PART OF AUSTRALIA 1S ALSO STRONG IN VIEW OF THE GRANITE AND
GRANITE GNE!SS BASEMENT IN THE WESTERN PART OF THE CONT INENT,
AND THE QUARTZITE COMPOSED OF ANGULAR PARTICLES IN THE OVER-
LYLNG GREENSTONES. [HE LATTER MUST BE GREATER kN AGE THAN
2.7 B.Y., THE TIME OF PEGMATITE INJECTION AND METEMORPH I SM.
BECAUSE THE GREENSTONES ARE MOSTLY |GNEOUS IN ORIGIN, IT IS
DIFFICULT TO ESTIMATE THE TIME OF INITIATION OF TH!S SYSTEM
AS IS POSSIBLE WiTH GEOSYNCLINAL DEPOSITS. CERTALNLY THE
REMETAMORéHOSED GNEISSES, DESCRIBED AS THE BASEMENT, ARE
CONSIDERABLY OLDER. |F FIRST CYCLE, THEY PROBABLY REPRESENT

PRIMEVAL ACID CRUST; IF SECOND CYCLE, THEY MUST REPRESENT
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GEOLOGICAL ACTIVITY INVOLVING EROSION OF PREEXISTING ACID
ROCKS AT LEAST 3.5 BILLION YEARS AGO, AND POSSIBLY i

A SUMMARY OF OUR DIRECT CONCLUS!ONS FROM THE GEOLOG:G
DATA ARE (1) AT LEAST PARTS OF THREE MAJOR CONTINENTS WERE
PRESENT ABOUT Jl BILLION YEARS AGO; (2) QUARTZ-BEARING SIALIC
MATERIAL EXISTED IN THESE CONTINENTS WHICH MUST HAVE BEEN
LARGER THAN THE AREAS IN WHICH ROCKS OF THLS ANTIQUITY HAVE
BEEN FOUND FORTUITOUSLY; (%) SUBAERIAL EROSION BY WATER
TRANSPORT WAS ACCUMULATING SEDIMENTS iN GEOSYNCL|NAL TROUGHS
ABOUT lL BILLION YEARS AGo; (L) ADEQUATE RELIEF MUST HAVE
EXISTED TO INITIATE AND MAINTAIN THIS PROCESS; AND (5)
ABOVE-FREEZING TEMPERATURES MUST HAVE PREVAILED OVER AT

LEAST PART OF THE EARTH'S SURFACE.

GEOLOGICAL AND ASTRONOMICAL INMPLICATIONS OF THE
OLDEST ROCKS

SotAR LUMINOSITY

THE DATA AND INTERPRETATIONS GIVEN ABOVE LEAD TO THE
CONCLUSION THAT RUNNING WATER REQUIRED FOR ROCK EROS|ON AND
SEDIMENT TRANSPORT EXISTED AT A NUMBER OF PLACES HAVING A |
WIDE DISTRIBUTION OVER THE EARTH'S SURFACE. (CONSEQUENTLY THE
TEMPERATURE OF MUCH OF THE SURFACE ATMOSPHERE MUST HAVE BEEN
ABOVE FREEZING FOR MUCH OF THE YEAR. THIS LEADS DIRECTLY 70
A CONSIDERATION OF THE SOURCE AND MAINTENANCE OF THE ATMOS-

PHERIC HEAT ENERGY AND AN EVALUATION OF ASTRGPHYSICAL THEORY

OF SOLAR EVOLUTION.
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THE ULTIMATE SOURCE OF THIS ENERGY IS THE SUN AND THE
LEVEL OF THIS ENERGY IS FUNDAMENTALLY DETERMINED BY SOLAR
LUMINOSITY, WHICH HAS BEEN SLOWLY INCREAS | NG ;CCORDING 70
ASTROPHYSICAL THEORY. IF WE GONSIDER THE PRESENT ATMOSPHERE
AND NEGLECT THAT PORTION OF THE SOLAR CONSTANT LOST THROUGH
REFLECTION BY THE EARTH AND ATMOSPHERE (ABOUT 1|5 PER CENT),
ONLY ONE-~FOURTH OF THE INSOLATION IS D!REGTLY ABSORBED 8Y
THE ATMOSPHERE AND THE REMAINING THREE-FOURTHS BY THE EARTH'S
SURFACE. THIS RESULTS FROM THE TRANSPARENCY OF THE ATMOSPHERE
TO THE VISIBLE SPECTRUM WHICH COMPOSES ABOUT 90 PER CENT OF
THE" SOLAR CONSTANT. FOR THE MOST PART, THE GLOWER ATMOSPHERE
IS DIRECTLY HEATED FROM BELOW IN ORDER OF |MPORTANCE BY
(1) ABSORPTION OF LONG WAVE ( INFRARED ) RERADIATION FROM THE
EARTH'S SURFACE, (2) RELEASE OF LATENT HEAT OF CONDENSATLON
FROM WATER ORIGINALLY EVAPORATED THROUGH THE ENERGY OF THE
SHORT RADIATION 8Y THE OCEANS, AND {3) DIRECT CONDUCTION FROM
THE SURFACE FOLLOWED BY TURSBULENT (conveECTIVE) TRANSFER.

INFRARED ABSORPTION IN THE ATMOSPHERE |S ACCOMPLISHED
CHIEFLY BY WATER VAPOR AND CARBON DIOXIDE WITH THE FORMER
BEING MUCH MORE IMPORTANT AT PRESENT IN VIEW OF ITS GREATER
ATMOSPHERIC ABUNDANCE AND 1TS MUGH MORE EFFECT IVE ABSORPT | ON
OVER A BROAD SPECTRAL RANGE. THE COMPOSITION OF THE ATMOS~
PHERE THUS PLAYS A VERY IMPORTANT ROLE IN ITS HEAT BUDGET.
THiS combésiTon MJUST BE CONSIDERED FOR THE PRIMITIVE ATMOS-
PHERE BEFORE SOLAR LUMINOSITY CAN BE DIRECTLY RELATED TO

EARLY SURFACE TEMPERATURE CONDITIONS.
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a WE CAN MAKE A GOOD ESTIMATE OF THE PRESENT GREENHOUSE

EFFECT OF THE ATMOSPHERE FROM THE |NFRARED ABSORPTION JuST
DESCRIEED THE RADIATION TEMPERATURE OF THE EARTH!S SURFAGE

'S 2&6 K FOR A TERRESTRIAL ALBEDO OF JO PER CENT As THE AVEZRAGE
SURFACE TEMPERATURE OF THE ATMOSPHERE 1S 288 K (INTERNAT I ONAL
STANDARD_ATMOSPHERE), %HE PRESENT GREENHOUSE EFFECT OF MEOK

IS QUITE SIGNIFICANT.

To CONSIDER WATER VAPOR FIRST, A RECIPROCAL. RELATIONSHIP
EX1STS BETWEEN AIR TEMPERATURE AND WATER VAPOR CONTENT. Te
TEMPERATURE OF THE AIR DETERMINES THE VAPOR DENSITY OF WATER
WHOSE GREENHOUSE EFFECT FURTHER INCREASES THE HEAT SUDGET
OF THE ATMOSPHERE. WITH A FAIRLY UNLIMITED OCEANIC SUPPLY
AND A GIVEN LUMINOSITY, EQUILIBRIUM TEMPERATURES AND COMPOS I T 1 ON
WILL TEND TO FORM AS AT THE PRESENT TIME. |T SEEMS GCLEAR
FROM THIS THAT THE WATER VAPOR CONTENT MUST DEPEND FUNDA—
MENTALLY UPON THE INTENSiTY OF INSOLATION.

IF THE OCEANS ACCUMULATED SLOWLY THROUGH EXHALAT!ON
(1951) ano

sUPPORTED BY KuLr (1951), THEN !Ts EARLY SURFACE AREA MUST

FROM THE EARTH'S INTERIOR, AS D!SCUSSED 8Y Buas

<

HAVE BEEN QUITE LIMITED. HQTCH;NSQN (195L) ALso esTiMATES
THE PREBIOLOGICAL OCEAN VOLUME TO SE NO MORE THAN 5 70 10
PER CENT OF THE PRESENT OCEANS. On THE BASIS OF A PROBABLE
SLOW ACCUMULATION OF THE HYDROSPHERE TOGETHER WITH THE
DEPENDENCE OF TEMPERATURE ON SOLAR LUMINOSITY, WE MUST
REGARD WATER VAPOR AS UNIMPORTANT IN EVALUATING THE TEMPERA-

TURE IN THE PRIMITIVE ATMOSPHERE.
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AT PRESENT THERE 1S ALSO INCOMPLETE AGREEMENT ABOUT THE
COMPOSITION OF THE EARLY ATMOSPHERE AS REGARDS THE OTHER
VOLATILES, INCLUDING THOSE WHICH MIGHT STRONGLY AFFEGCT THE
ATMOSPHERIC HEAT BUDGET. Urey (1952) CONSIDERS AN EARLY
ATMOSPHERE AS CONSISTING OF WATER VAPOR, HYoRoeéN, METHANE
AND AMMONIA WITH THE QUANTITIES OF EACH BEING UNCERTAIN.
ALTHOUGH METHANE HAS SOME ABSORPTION BANDS IN THE INFRARED,
THE INTENSITY AND SPREAD OF THIS ABSORPTION IS VERY SMALL
COMPARED TO WATER VAPOR, AND EVEN TO CARBON D1OXIDE. FURTHER,
AS ouécussao BY HuTcHinsoN (1G54), OXYGEN, PRODUGED BY PHOTO-
DECOMPOSITION, WOULD HAVE OX!D!ZED METHANE TO CARBON DIOXIDE,
WHICH |S SUGGESTED AS AN IMPORTANT SOURCE OF THE LATTER. |F
EXHALED SLOWLY DURING GEOLOGIC TIME, AS SUGGESTED FOR OTHER
VOLATILES, THE CONCENTRATION OF METHANE MAY NEVER HAVE BEEN
GREAT. ACCORDING TO THIS CONCEPT OF THE EARLY ATMOSPHERE,
CARBON DIOXIDE WOULD HAVE HAD A LOW CONCENTRATION AND THERE-
FORE WOULD HAVE BEEN OF LITTLE IMPORTANCE IN THE ATMOSPHER!C
HEAT BUDGET.

Rusey (1955) rReugcTs UREY'S ESTIMATE OF THE COMPOS!TION
OF THE EARLY AT&OSPHERE ON THE BAS!S OF GEOCHEMICAL OBSERVA=
TIONS AND REASONING, PROPOSING INSTEAD THAT NITROGEN AND
CARBON DIOX!IDE WERE THE DOMINANT GASES PRESENT. RUBEY EXAMINES
TWO PRIMITIVE ATMOSPHER!IC MODELS HAVING HIGH AND LOW DENSITIES
OF ORIGINAL VOLATILES. HE CONCLUDES FROM THE GEOLOGIC RECORD
THAT THE CARBON D1OXIDE CONCENTRATION COULD NOT HAVE BEEN
EXCESSIVE, BUT AT LEAST THIS VOLATILE MUST HAVE ACCUMU -

LATED GRADUALLY DURING GEOLOGIC TINE.



32

AMMON | A IS THE ONLY VOLATILE SUGGEéTED FOR A PRIMITIVE
ATMOSPHERE THAT IS EFFECTIVE IN THE ABSORPTION OF INFRARED
IN THE BAND [MPORTANT }N THE GREENHOUSE EFFECT. HOWEVER,
THE HIGH SOLUBILITY OF AMMONIA IN WATER wOULD P;EVENT THE
ACCUMULATION OF AN AMMONIA ATMOSPHERé SIGNILFICANTLY DENSER
THAN THE AQUEOU§ CONTENT OF THE PRESENT ATMOSPHERE. PRESUMABLY,
THE PRODUCTION OF LARGE QUANTITIES OF AMMONITA WOULD INVOLVE
THE SIMULTANEOUS GENERATION OF LARGE QUANTIT{ES OF WATER INTO
WH1CH THE AMMONIA WOULD -DiISSOLVE. THEREFORE A LARGE GREEN-
HOUSE EFFECT FOR THE PRIMITIVE EARTH DUE TO AMMONIA SEEMS
UNLIKELY.

THE MOST REASONABULE CONCLUSIONS wE CAN MAKE AT THIS TINME
FROM THE OBSERVATIONS AND DEOUCTIONS OF GEOCHEMESTRY ARE THAT
THE EARLY ATMOSPHERE WAS PROBASLY NO MORE, AND VERY LIKELY
LESS, ABSORBENT IN THE INFRARED REG!O& THAN THE PRESENT
ATMOSPHERE. SURFACE AIR TEMPERATURES MUST THEREFORE HAVE

BEEN CONTROLLED PRIMARILY BY THE OiRECT INFLUENCE ©

b

SOLAR

LUMINOSITY RATHER THAN THE GREINHOUSE EFFECT. AS SUCH, THE
TIME OF EARLIEST DETECTABLE LIQUID WATER ABLE TO CAUSE
EROSION AND TRANSPORTATION OF SEDIMENTS (ABOUT l 81LLioN
YEARS AGO) ESTABLISHES THE EARLIEST TIME AT WHICH SOLAR LUMINOSITY
REACHED A VALUE NECESSARY TO SUSTAIN ABOVE-FREEZING TEMPERA—
TURES.
AN APPLYING THIS CONCLUSION TO ASTROPHYS|CAL THEORY OF
SOLAR EVOLUT!ON, WE' CAN UTILLZE THE LUMINOSITY CALCULATIONS

OF HASELGROVE AND Hovie (1959) wHICH LEAD TO A SOLAR AGE OF
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5.5 B.Y. IN VIEW OF THE UNCERTAINTY OF NUbuEARhDAIA AND
THEORY ANO INITIAL SOLAR COMPOSITION, HovLe (1960) Has
ESTIMATED THE UNCERTAINTY IN SOLAR LUMINOSITY CkLCULATIONS

TO BE ABOUT 25 PER CENT. THE GEOLOGIGC RESULTS MAY THUS BE OF
'CONSIDERABLE VALUE IN ESTABLISHING PERMISSIBLE VALUES FOR
THESE CALCULATIONS.

TABLE 1, WHICH HAS BEEN DEVELOPED FROM THE:'AGE CALCULA~
TIONS OF HASELGROVE AND Hoyis, sHows A TIME SCALE OF SOLAR
EVOLUT;OQ AND RESULTING TERRESTRIAL SURFAGE TEMPERATURES
ACCORDING TO A CHOICE OF INITIAL CONDITIONS. TIME BEFORE THE
PRESENT IS SHOWN IN THE FiRsT COLUWN, THE RATIO OF PAST TO
PRESENT SOLAR LUMINOSITIES IN THE SZCOND COLUMN, THE RAT 10
OF PAST 7O PRESENT BLACK BODY TEMPERATURES IN THE THRD
COLUMN (BASED ON THE FOURTH ROOT OF THE LUMINOSITY) AND
THREE SETS OF VALUES OF RESULTING SURFACE AIR TENMPERATURES
IN THE LAST THREE COLUMNS.

[N THE. COLUMN HEABED Tq, THE RATIOX T/T 1s APPLIED TO
THE PRESENT AVERAGE SURFACE AIR TEMPERATURE<8F 2880K. Because
'STUDIES OF CENOZOIC CLIMATE INDICATE A SLOW COOLING WHICH
CULMINATED IN THE PLEISTOCENE |CE AGE, PRECEDED 8Y A
WARMER AND MORE EQUABLE GLOBEL CLIMATE, IT MAY BE MORE
CORRECT TO USE AN ESTIMATED PRE~LATE 'CENOZOIC AVERAGE OF
2950K. CoLumn T2 IS BASED ON TH!S VALUE. AS NOTED EARLIER,
THE PRESENT RADIATIVE EQUILIBRIUM TEMPERATURE OF THE EARTH
(wHICH OMITS THE PRESENT GREENHOUSE EFFECT) IS 2&6OK. CoLumn

T INDICATES PAST TEMPERATURES BASED ON THLS VALUE..
3
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IF TERRESTRIAL SURFACE TEMPERATURES CROSSED THE FREEZING
THRESHOLD I BILLION YEARS AGQ, THE VALUES IN COLUNN T SEeM °
TO GIVE THE MOST COMPATIBLE FIT BETWEEN OBSERVATION AND
THEORY. WE MUST EMPHAS|ZE THAT THE ASSUMPTIONS INVOLVED (N
DETERMINING T2 ARE THE MOST FAVORABLE FOR PRODUCING. AN EARLY
CROSSING OF THE' FREEZING THRESHOLD. As A CONSEQUENCE OF THE,
FLATNESS OF THE LUMINOSITY CURVE 1IN F1GuReE 2, THE CHANGE IN
A BILLION YEARS 1S ONLY 3 DEGREES SO THAT THE THEORET!CAL
RESOLUTION OF THE TIME - TEMPERATURE POINTS IS RATHER COARSE
SMALL CHANGES IN THE THEORET!CAL L/LO CAN SHIFT THE FREEZING
THRESHOLD OVER A LONG TIME INTERVAL. ACCORDING TO COLUMN 11
(BASED ON PRESENT TEMPERATURES) THE FREEZING POLNT WOULD NOT
HAVE BEEN caoséso UNTIL ABOUT 2 BILLION YEARS AGO. ALTHOUGH
THE DATA IN CoLumn T5 DO NOT APPLY DIRECTLY TO RECENT AIR
TEMPERATURES, WHICH, AS NOTED EARLIER, ARE CONTROLLED BY A
STRONG GREENHOUSE EFFECT, THEY MIGHT VERY WELL APPLY TO THE
VERY EARLY ATMOSPHERE. THE RESULTING GREENHOUSE EFFECT GOULD
HAVE BEEN CONSIDERABLY LESS THAN.THAT'OF THE PRESENT. [T MAY
THEREFORE BE REASONABLE TO TRACE THE SURFACE AIR
TEMPERATURE CURVE FROM THE LOWER PART OF COLUMN T3 TO THE
UPPER PART OF CoLumn Té AS THE GREENHOUSE EFFECT BECAME MORE
IMPORTANT AT WHICH TIME A STEEPENING OF THE TEMPERATURE CURVE
WOULD-OCCUR.

BEFORE EVALUATING THESE TEMPERATURE RELATIONS FURTHER,
ANOTHER IMPORTANT CONSIDERATION MUST BE EXAMINED. |T WAS NOTED

0
PREVIOUSLY THAT THE CURRENT RADIATION TEMPERATURE OF 26 K
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IS BASED ON AN ALBEDO OF 4O PER CENT. HOWEVER, IF THE EARLY
TEMPERATURES WERE SUBFREEZING AS IND{CATED BY Péésewr ASTRO-
PHYSICAL THEORY, THEN A .CONSIDERABLE TERRESTRIAL FROST COATING
MUST HAVE EXISTED, COMPARABLE TO THE PROBABLE F%OS% chT:Ne
RESPONSIBLE FOR THE MARTIAN POLAR cAP. SUCH, A coAT;NG REQUiREs

RAISED
A VERY MINUTE AMOUNT OF WATER AND WOULD HAVE £2uesSs THE

ALBEDOjgg;g; U0 PER CENT RESULTING IN LOWER EARLY TEMPERA=

TURES IN EACH OF THE LAS% THREE COLUMNS,

) THE IMPORTANCE OF A HIGHLY REFLECTING PRIMITIVE FROST
COATING IS STRONGLY EMPHMASIZED FROM RECENT THEORETICAL AND
EMPIRICAL METEOROLOGICAL OBSERVATIONS. [OR AN ATMOSPHERE
TRANSPARENT TO INCIDENT RADIATION, Bupyxo (1962) Has caL-
CULATED THAT A SNOW AND ICE COVER OVER THE ENTIRE éARTH

FOR A SHORT PERIOD WOULD DECRZASE THE MEAN TEMPERATURE B8Y

ABOUT 10000. HiS WORK SUGGESTS THAT THE PRESENT STRONG CONTRAST

I'N ZONAL TEMPERATURES BETWEEN LOW AND H!GH LATITUDES I8 THE

RESULT OF REFLECTION FROM THE 1CE COVER IN BOTH POLAR REGIONS.


http:SUBFREEZING.AS

TasLe 1.
VARIATION IN $OLAR FUM!NOSITY AND RELATED

TERRESTRIAL SURFACE AIR TEMPERATURES

0
SurFace AR TEMPERATURE K

Timve L I 11 12 T3
B.Y. Lo [0 .

0 1 1 2883 295 26

-1.5 .89 .G 279 286 239

~3.0 .80 S5 272 279 233

=10 i .93 267 273 288

-k.5 .72 92 265 271 226
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ON A MORE EMPIRICAL BAS[S Namias (1963) SHOWED THAT

o)
TEMPERATURES OVER CENTRAL UniTeED StaTESs WERE AS MUCH AS 6 C

BELOW EXPECTED VALUES AS A CONSEQUENCE OF "THE ADDITiONAL
REFLECTION FROM SOMEWHAT EXTENDED SNOW COVER 'IN THIS REGION
FROM MID~FEBRUARY TO Mio-MARCH 1960. IN A VERY SiMiLAR
INVESTIGATION, ADEM (196L) consiDERED THE EFFECTS OF THQ
SNOwW cover OF Decemser 1962 wHIGH EXTENDED SEVERAL DEGREES
FARTHER SOUTH OF THE NORMAL COVERAGE FOR NORTHERN UNITED
STATES AND LARGE PARTS OF EUROPE AND AslA. O8SERVED DEPARTURES
OFOTEMPERATURE FROM NORMAL FOR JANUARY 1953 ReacHeD 600 AND
10 C seLow EXPECTED VALUES FOR NORTH AMERICA AND EURASIA,
RESPECTIVELY.

ALTHOUGH IT SEEMS CERTAIN TO US THAT A PRIMITIVE FROST
COATING EXISTED, THE TIME WOULD DEPEND UPON THE RATE OF
FORMATION OF THE ATMOSPHERE AND HYDROSPHERE AS WELL AS ON
SOLAR LUMINOSITY. IF- THE ATMOSPHERE GREW SLOWLY, A HIGHER
THAN PREDICTED LUMINOSITY WOULD HAVE BEEN REQUIRED TO
PRODUCE ABOVE-FREEZING TEMPERATURES ON THE PRIMITIVE EARTH.
WE CANNOT DO MORE THAN TOUCH ON THE PROBLEM OF THE FROST
COATING AT PRESENT. TEMPERATURES WOULD CERTAINLY RISE DIS-
CONT INUOUSLY AT fHE TIME THE FROST DISAPPEARED.

ALTHOUGH THERE 1S, oF COURSE, MUCH UNCERTAINTY IN THE
GEOLOGIC INTERPRETATIONS OF THE AGE AND COMPOSITION OF THE
EARLIEST ROCKS AND THE IMPLIED GEOLOGIC PROCESSES DESCRIBED
EARLIER, IT APPEARS THAT SOMEWHAT WARMER CONDIT!ONS PROBABLY

EXISTED Ll B.Y. AGO THAN CURRENT THEORY INDICATES. |F THE
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INTERPRETATIONS ARE VALID, ALTERNATIVE HYPOTHESES AFFECTING
EARLY TEMPERATURE MUST BE CONS |DERED. ﬁ. THE coMPOSITION OF,
THE PRIMITIVE ATMOSPHERE MAY HAVE BEEN SUCH .AS"TO PRODUCE A
MUCH GREATER GREENHOUSE EFFECT THAN THE PRESENT; USED 1IN

TaBLE 1. As piscusseo ABOVE, WE HAVE REJECTED THIS POSSIBILITY
BASED ON CURRENT INFORMATION. 2. THE ZERO AGE OF THE SUN MAY
BE GREATER THAN THAT USED IN CURRENT ASTROPHYSCAL CALCULAT I ONS,
AS SUGGESTED EARLIER, IN WHICH CASE THE EARTH MAY ALSO BE

OLDER THAN 4.5 8.v. 3. Tug woDZL OF SOLAR COMPOS:TION MAY
REQUIRE SOME MODIFICATION TO PERM!T HIGHER LUMINOSITIES

THAN' THE VALUES IN TABLE 1.
RaTEs ¢f ERosion

THE DATA AND DEDUCTiO&S CIVEN ABOVE ALL LEAD TO THE

CONCLUSION THAT RATES OF WEATHERIN

1]
PNy

)
2

=
<

SROSION DURING THE

EARLY PERIOD OF EARTH HISTORY MJUST HAVE SEEN DISTINCTLY
SLOWER THAN AT PRESENT. ACCGRDENG TO THE CURRENT ASTRO-
PHYSICAL THEORY DESCRIBED, TERRESTRIAL SURFACE TEMPERATURES

WERE SIGNIFICANTLY LOWER ABOQUT u BILLION YEARS.AGO THAN THEY

ARZ AT PRESENT. [T 1S ALSO LIKELY THAT FOR A LONG TIME,
RUNNING WATER MAY ONLY HAVE EXISTED DURING THE SUMMER SEASONS.
HENCE, BOTH CHEMICAL AND MECHANICAL WEATHERING IN ADDITION

TO WATER EROSION AND TRANSPORTATION WOULD HAVE OPERATED

RELATIVELY SLOWLY.
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IN ADDITION TO THE TEMPERATURE EFFECT, THE COMPOSITION

OF THE ATMOSPHER&, WHICH WAS SO DIFFERENT FROM THAT OF THE
PRESENT, WOULD HAVE ALSO ACTED TO SLOW THE RATES OF WEATHERING
AND EROSION. OWING TO THE PROBABLE ABSENCE OR LOW ATMOSPHERIGC
DENSITY OF WATER VAPOR, OXYGEN, AND CARBON D 1.OXIDE REFERRED
TO EARLIER, ROCK DECOMPOSITION MUST CERTAINLY HAVE BEEN VERY
RETARDED IN COMPARISON TO THE CURRENT ACTIVITY OF THE HYDRA-
TION, OXIDATION, AND CARBONATION PROCESSES. THE IMPORTANCE
OF THE LATTER HAS RECENTLY BEEN STRESSED IN THE |MPORTANT
EQUILIBRIUM REACTION DESCrRIBED BY Urey (1952) as rFoLiows:

Ca 8103 + COZ - CACO3 + 3105

Ma 8103 f COZ —p MGCOB + S102

FURTHER, Rusey (1951, 1955) ano Tumzkian (1959) nave

EMPHASIZED THE IMPORTANCE OF THE PRESENCE OF ORGANIC ACIDS
IN THE WEATHERLNG OF SILICATES. THEY POINT OUT THE SLOWNESS
OF THE DECOMPOSITION PROCESSES REFERRED TC ABOVE IF SUCH
MINERALS ARE IN CONTACT WITH RELATIVELY PURE WATER. JHUS
WHEN ALL OF THESE FACTORS — THE PROBABLE LOW TEMPERATURE,

ATRHULDPHERIC . .
THE EFFECTS OF ,COMPOS!ITION ON ROCK WEATHERING AND THE LACK OF
ORGANIC ACIDS EARLY IN EARTH HISTORY - ARE TAKEN TOGETHER, 1T
SEEMS AN INESCAPABLE CONCLUSION THAT EARLY WEATHERING AND
EROSIONAL PROCESSES MUST HAVE BEEN RELATIVELY SLOW, AND MUST
HAVE INCREASED IN TEMPO DURING GEOLOGIC TIME. THIS REASONING
HAS LED IN PART TO THE EsTimATE OF 0.5 B.Y. FOR THE DURATION

OF THE EARLIEST GEOSYNCLINAL CYCLES, REFERRED TO IN AN EARLIER



39

SECTION, AND ALSO LEADS TO THE CONCLUS!ON THAT THE DURATION
OF INDIVIDUAL EEOSYNCLINAL CYCLES SHOULD HAVE DECREASED

WITH TIME.

FORMAT LON OF THE CONTINENTS

ALL OF THE-DIRECT CONCLUSIONS FROM THE OLDEST ROCKS LZAD
DIRECTLY -TO A CONSIDERATION OF THE MEbHANISM OF FORMATION OF

THE EARTH'S CONTINENTAL CRUST. [T WOULD SZEM THAT THE PRESIN

1
m

~
N

m

OF EARLY GONTINENTAL PLATFORMS MUST HMAVE BEEN THE PRODUCT OF
A LOW DENSITY CRUST APPROXIMATING THE COMPOSITION GOF GRANITE
JUST AS IS TRUE OF THE PRESENT CONTINENTS. THIS LEADS DIRECTLY
TO THE AGE-OLO QUESTION OF HOW THESE EARLY GRANITIC CONTINENTAL
MASSES ORIGINATED. ALSO, HOW DIFFERENT WERE THEY FROM THZS
PRESENT CONTINENTS, WHICH HAVE A VOLUME OF ABOUT 6 X 109KM5
AND A MASS OF ABOUT 1.7 X 1022 G, 95 PER CENT OF WHICH ARE
COMPOSED, EXCLUSIVE OF SEDIMENTS, OF GRANITES AND GRANOD|OR:TES
OR THEIR METAMORPHIC DERIVATIVES.

IT 1s commonLY HELD (£.G., BARTH, 1962, p. 352) THAT
"MOST CONTINENTAL ROCKS ARE SIMPLY RECYCLED, MODIF!ED
SEDIMENTS. AND WE NOW SEE EVIDENCE FOR THE EX!STENGCE OF
GRANITIC CONTINENTAL MATERIAL PRIOR TO THE EARLIEST RECOGN| ZASLE
SEDIMENTARY CYCLE. THE MAJOR PROBLEM IN THIS CONNECTION 1S
WHETHER THE GRANITE WAS SECONDARY, HAVING BEEN DERIVED 8Y
DIFFERENTIATION OR GRANITIZATION, OR WHETHER THIS GRAN|TE

WAS IN A SENSE AN ORIGINAL PART OF THE EARTH!s CRUST.


http:SEDIMENTS.II
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" .CLOSELY INVOLVED WITH THIS PROBLEM IS THE TIME SCALE
AVAILABLE FOR PRIMEVAL TERRESTRIAL PROCESSES. THE MOST
FUNDAMENTAL |NFORMAT ION RELATED TO THE TIME SCALE COMES
FROM 'STUDIES ON THE THERMAL HISTORY OF THE EARTH. MacDonaLo's
COMéREHENSIVE‘STUDY (1959) cONSIDERS A LARGE NUMBER OF
MODELS Wi 1CH INCLUDE A SPREAD OF INITIAL TEMPERATURES AND
A DIFFERENT DISTRIBUTION OF HEAT SOURCES, ALL FOR AN EARTH
OF CHONDRITIC cOMPOSITION. OF PARTICULAR INTEREST HERE IS
H1S MODEL 1)l USING AN INITIALLY HOMOGENEOUS EARTH WITH A
UNIFORM TEMPERATURE DISTRIBUTION OF 130000 AFTER ACCUMULATION.
THE DISCUSSION GIVEN EARLIER ON THE ORIGIN OF THE EARTH
SUGGESTS A MODEL SIMILAR TO THIS BUT PROBABLY AT A LOWER .
TEMPERATURE. [N ANY CASE, AS WE DISCUSSED, THE SURFACE MUST
HAVE BEEN WELL BELOW THE MELTING POINT.

MacDONALD FINDS, EVEN FOR THE HIGH INITIAL TEMPERATURE
oF wmooeL 1, THAT 109 YEARS WOULD BE REQUIRED TO REACH THE
MELTING POINT OF THE METALLIC PHASE., THE MANTLE TEMPERATURE
WOULD NEVER EXCEED THE MELTING POINT OF SILICATES DURING
THIS TIME. ACCORDING TO THESE RESULTS, THE SEPARATION OF THE
EARTH INTO CORE AND MANTLE WOULD HARDLY HAVE BEGUN 8Y A
BILLION YEARS AFTER FORMAT I-ON. ELSASSER’(1963, P. 2) NOTES
THAT THE SEPARATION OF THE [RON WOULD NOT OCCUR UNTIL THE
SILICATE MATRIX BECOMES SUFFICIENTLY SOFT AS ITS TEMPERATURE
APPROACHES THE MELTING POINT. MACDONALD'S CALCULATIONS

(Fie. 2) sHow THAT BELOow 1000 KM THE TEMPERATURE AFTER
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A BILLION YEARS IS ABOUT 15OOUC BELOW THE SiLICATE MELTING
POINT. ALTHOUGH THE UPPER 500 KM REMAINED AT ABOUT A CONSTANT
TEMPERATURE, THAT OF THE DEEPER PORTION ARE SHOWN TO HAVE
BEEN WARMING NEARLY UNI|FORMLY.

THE THERMAL HISTORY OF THE EARTH DEVELOPED BY LUBIMOVA
(1958) Is £SSENTIALLY IN AGREEMENT WITH THE SOMEWHAT MORE
COMPREHENSIVE TREATMENT OF MacDOnNALD. THE SEPARATION OF THE
EARTH INTO A METALLIC CORE AND SiLICATE MANTLE MUST BE
CONCLUDED TO HAVE BEEN A SLOW PROCESS BASED UPON THE
ARGUMENTS AND CONCLUSIONS GIVEN HERE. OSEGREGATION IN THE
UPPER MANTLE WOULD ALSO BE DELAYED UNTIL ABOUT- A BILLION
YEARS AFTER ACCUMULAT I ON.

[N THE LIGHT OF THE DATA AND CONCLUSIONS GIVEN SO FAR,
WE WILL NOW EXAMINE MECHANISMS WH!CH HAVE BEEN PROPOSED FOR
THE DEVEL&PMENT OF THE CONTINENTS.

1. THE GENERAT!ION OF SZCONDARY GRANITE BY THE EX

REN

m

DIFFERENTIATION OF A BASALTIC MAGMA PRESENTS SEVERAL PROBLEMS.
FirsT, suCH A BASALTIC MAGMA CAN DEVELOP ONLY ABOUT FIVE

PER CENT OF GRANITE. WE DO NOT FIND THE ROCKS THAT WOULD
REPRESENT THE REMAINING G0 PER CENT IN THE REGIONS WHERE GRANITES
ARE PREVALENT. SECOND, THE RESIDUAL DIFFERENTIATES OF MOST

ROCKS ARE RETAINED WITHIN THEIR MASSES RATHER THAN BEING

EXCLUDED TO FORM A GRANITE 800Y. BarTd (1962, p. 121-125)
DISCUSSES.THIS PROBLEM FURTHER AND EXPRESSES THE DIFFICULTY
INVOLVED IN THE DERIVATION OF THE GREAT BULK OF GRANITE BY

DIFFERENTIATION OF BASALTIC MAGVA.
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METASOMATIC GRANITIZATION HAS BEZN CALLED UPON TO.
EXPLAIN THE ORIGIN OF GRANITES BY MANY AUTHORS (SUMMARIZED BY,
BARTH,4xé;i§ﬂa, P. 5&9—357). THE MECHANISM PROPOSED INVGLVES
THE UPWARD M!GRATION OF K, Na, AL, AND Si AND THE DOWNWARD
MIGRATION OF CA, Ma, AnD FE. W DO NOT SEE HOW THERE COULD
HAVE BEEN ENOUGH TIME -FOR THIS PROCESS TO HAVE GENERATED THE
PRIMORDIAL CONTINENTAL MASSES BETWEEN THE TIMES OF AGGREGAT!ON
OF THE EARTH AND OF THE EARLIEST DEMONSTRABLE GEOSYNCLINAL
CYCLE ESPECIALLY IN.VIEW OF THE TIME SCALE DEVELOPED FROM THE
HERMAL HISTORY. T[HIS IS SUPPORTED BY THE GEOLOGIC DATA FROM
SOUTHEASTERN AFRICA WHICH !NDICATES THE PRESENCE 6F A RELATIVELY
LARGE AMOUNT OF GRANITIC MATER!AL DURING THE EARLIEST SEDI-
MENTARY CYCLE. |T THEREFORE SEEMS HARD TO ESCAPE THE CONCLUSION
THAT A SUBSTANTIAL PRIMORDIAL CONTINENTAL CRUST OF GRANITIC
COMPOSITION EXISTED IN AT LEAST THE REGIONS Dasca{azo AND
THAT THIS CRUST PROVIDED MJCH OF THE SOURCE MATERIAL FOR
EARLIEST EROSION.

FURTHER, ‘THE conclusions oF Rusey (1951) ano Kore (1951),
THAT THE HYDROSPHERE AND PART OR ALL OF THE ATMOSPHERE ‘
ACCUMULATED SLOWLY:W AND CONTINUOUSLY DURING GEOLOGIC TIME,
TEND To'REEUTE THE POSSIBILITY OF A FAIRLY RAPID SEPARATION
OF SIALIC COMPONENTS FROM THE MANTLE TO FORM THE SARLY
CONTINENTS. |F THE VOLATILES WERE RELEASED FROM THE INTERIOR
SLOWLY, THE FAST RISING OF THE MINSRAL CONSTITUENTS REGU!RED

FOR CONTINENTAL FORMATION WOULD HARDLY HAVE .BEEN POSSIBLE.
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ENGLE (1963) HAS REWORKED SOMEWHAT THE CONCEPT OF
CONTINENTAL GROWTH BY ACCRET4ON THROUGH THE DEVELOPNENT OF
GRANITIC MATERIAL IN OROGENIC PROCESSES WITHIN [SLAND ARCS. ‘
[T SEEMS TO US THAT THE INSTABILITY RELATED TO GEOSYNCLINES
AND ISLAND ARCS ARE THE RESULTS OF THE PRESENGE OF CONTINENTS,
RATHER THAN THE CAUSE OF TREM AND THAT SIALIC INTRUSIVES AND
EXTRUSIVES WITHIN MODERN AND ANCIENT ARC COMPLEXES REPRESENT
IN LARGE PART AT LEAST, THE RECYCLING OF MATERIAL ALREADY
PRESENT IN THE MARGINS OF CONTINENTAL BLOCKS. THE ANDESITE
ZONE MAY' SIMPLY .REPRESENT THE REGION OF MIXED CONTINENTAL
AND OCEANIC MATERIAL. |F WE TRY TO VISUALIZE THE PRIMLT IVE
EARTH BEFORE THE DEVELOPMENT OF SIALIC MATERIAL; 1T 1S
DIFFICULT FOR US TO IMAGINE THE DEVELOPMENT OF GEOSYNCLINAL
PILES WITHOUT THE PRESENCE OF BLOCKS‘OF S1GNIFICANT RELIEF
FROM ORIGINAL DIFFERENCES IN DENSITY.

2. THE CONVECTIONAL %ROCESS':NVOLVES_THE CELLULAR MOTION
OF THE MANTLE RESULTING IN THE ACCUNMULAT LON OF A GRANITIGC
DIFFERENTIATE INTO LOCALIZED MASSES.AT THE EARTH'S SURFACE.
Hitts (19L7) VISUALIZED THIS AS OCCURRING FROM AN ORIGINALLY
UN!IFORM SURFACE SCUM OF SIALIC COMPOSITION. [HIS SCEMS MORE
READILY EXPLAINABLE UNDER THE CONDITION OF AN ORIGINAL MOLTEN
EARTH THAN UNDER THE CONDITIONS OF COLD ACCUMULATION STRESSED

IN THIS REPORY.

CONVECTION WITHIN THE HOT' i4ANTLE HAS BEEN PROPOSED AS
AN EXPLANATION OF THE CONTINENTS BY VEnniNg-Mginez (1945)

AND HAS BEEN ELABORATED 8Y HIMSELF AND OTHERS. Urey (1952)


http:MASSES.AT

bl

SUBGESTS THAT CONTINUOUS SEGREGATION OF METAL AND SILICATE
PHASES MAY SUPPLY ENERGY FOR CONVECT !ON THROUG; THE GRAVITA-~,
TIONAL ENERGY RELEASED IN BUILDING THE METALLIC CORE. HoweveR,
THE EXISTENCE OF VISCOUS FLOW IN THE MANTLE 84§:c TO ANY
CONVECTIVE PROCESS HAS BEEN QUEST!ONED BY JEFFREYS (1939),
AND MORE RECENTLY BY MacDonaLo (1963) ano Knororr (196h).
ON THE BASIS OF THE KNOWN THERMAL GRA&%IENT THE ESTIMATED
RATE OF SURFACE CREEP FROM CONVECTiON HAS A SPREAD OVER AN
ORDER OF MAGNITUDE FROM ABOUT 2.5 MM TO 2 ©M PER YEAR
(ScHeioeceer, 1958; Dievz, 1961).  In THE PACIFic OCEAN THIS
WOULD MEAN, FOR THE MAX{MUM VALUE, THAT THE CRUST COULD
HAVE BEEN DISPLACED FROM THE CENTER OF THE OCEAN TO THE
SHORES OF THE AMERICAS A&o Asta (ASOUT ONE-QUARTER CYCLE OF
THE CONVECTION CELL) SINCE EARLY M£sozoic. FOUR To FIVE COMPLETE
CYCLES COULD HAVE OCCURRED S!NCE 1.5 8.v. Aéo, THE ESTIMATED AGE
OF THE EARTH'S CRUST, IF THE RATE HAS BEEN FAIRLY CONSTANT.
DIFFERENT IATION IN THE ZARTH WAS CERTAINLY AN INEFFlCIEN%
PROCESS. |F WE ASSUME ONLY ONE CYCLE WAS SUFFICIENT, THE
ACCUMULATION OF A CONTINENTAL CRUST WOULD HAVE TAKEN ABOUT
A BILLION YEARS AT THE ABOVE RATE. TO THIS MUST BE ADDED
THE TIME TO HEAT THE EARTH SUFFICIENTLY FOR CONVECTION TO
OCCUR. ACCORDING TO THE RESULTS 6? soTH MacDonaLD AnD Lusimova
GIVEN ABOVE, THE THERMAL GRADIENT OF THE MANTLE HAS BEEN
STEEPENING WITH TIME, SO THAT PRESENT CONVECTION, IF OCCURRING,
COULD HARDLY HAVE BEGUN UNTIL ABCUT A BILLION YEARS AFTER

THE EARTH ACCUMULATED. CONVECTION DOES NOT SEEM THEREFORE TO
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BB A VALID MECHANISM FOR THE ACCUMULATION OF THE CONTINENTS.
EVIDENCE PRESENTED IN THE SECTION ON SOLAR LUMINOSITY LEADS
TO A POSSIBLE INTERPRETATION OF A MJUCH GREATER AGE FOR THE
SUN, AND CONSEQUENTLY OF THE EARTH.” |F TRUE, A LONGER TiME
INTERVAL WOULD BECOME AVAILABLE FOR THE INITIAL WARMING OF
THE INTERIOR.

' IN ADDITION TO THE ARGUMENTS ABOVE, WE .THEREFORE 0O NOT
SEE HOW DIFFERENTIATION OR METASOMATIC GRANITIZATION OR
CONVECT | ON COULD HAVE PRODUCED DISCRETE CONTINENTAL MASSES
WITHIN THE REQUIRED TIME L!MITS DESPITE RECENT PROPOSALS 8Y
EneLe (1963) anp MacDonaLp (1963). To ACCOMPLISH THIS WITHIN
THE CURRENTLY ACCEPTED AGE OF THE EARTH OF k.5 B.v. we ARE
LED INTO THE PROBLEM OF THE ACCUMULATION OF THIS GRANITIC
CRUST BY 'SOME MECHANISM OTHER THAN BY GEOLOG!C PROCESSES.
THE ONLY OTHER MECHANI-SM THAT SEEMS WORTH CONSIDERING AT
THIS TIME IS THE IMPACT OF CONTINENTAL~SIZED SIALIC BODIES.

5. THE ORIGIN OF THE CONTINENTS FROM THE IMPAGT OF ONE
OR MORE CONTINENT~SIZE BODIES OF LOW DENSITY WOULD AVOID
MANY OF THE PROBLEMS ARISING FROM THEIR ORIGIN BY O!FFEREN-
TIATION OF ORIGINAL TERRESTRIAL MATERIAL. |F THE VOLUME OF
THE SIALIC CONTINENTS IS TAKEN AS 5% 107 xw (30 kv iN
"THICKNESS; 208 X TOO KM? IN AREA), THE RADIUS OF THE EQUI-
VALENT SINGLE 80DY |s aBouT 1.13% X ?05 M. THE PRESENT .
OISTRIBUTION OF THE CONTINENTS SUGGESTS THAT IF SUCH AN

ORIGIN OCCURRED, IT WAS MORE LIKELY FROM SEVERAL LARGE BODIES,

WITH THE LARGER  CONTINENTS RESULTING FROM AN OVERLAPPING
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EFFECT. AUSTRALIA AND ANTARCTICA WOULD THUS REQUIRE THE INFALL
OF BODIES WITH DIMENSIONS OF ABOUT THE LARGEST OF THE ASTERO|DS,
CERES, WHICH HAS A RADIUS OF 370 «m.

IN CONSIDERING THIS MECHANISM OF GONTINENTAL ORIGIN,
HoweLt (1959) aovanced as OBJECTIONS THE LAGCK OF KNGWN SiALI|C
METEoétTEs AND THE PROBAB!LITY THAT COMPLETE VAPORIZATION
WOULD OCCUR FROM THE ENERGY OF IMPACT.

ALTHOUGH THE FIRST OBJECTION RAISES A REAL PROBLEM,

TWO WAYS AROUND 1T EXIST. THE MOON HAS MORE THAN THE REQUIRED
RADIUS TO PRODUCE THE LARGEST CONTINENTS AND HAS VERY NEARLY
THE RIGHT DENSITY. WHY THE MOON'S DENSITY IS SO LOW WE DO NOT
know AND INDEED UReY (1962) HAS STRUGGLED WiTH THIS DIFFICULTY
FOR A LONG TIME. BUT IF WE ACCEPT THE MOON AS FORMING SEPA-
RATELY FROM THE EARTH THEN V£ HAVE DEVONSTRABLE EVIDENCE THAT
CONTINENT=FORMING OBJECTS 01D EXIST.

FURTHER, ONE SHOULD NOT ZQUATZ THE GOMPOSITION OF THE
PRESENT CRUST WITH THAT OF THE IMPACTING OSJECTS. THE LATTER
WOULD HAVE BEEN MODIFIED 8Y MIXING WITH SURFACE WATERIAL
DURING THE COLLISION AS WELL AS SY SUSSEQUENT GEOLOGIC
PROCESSES PARTICULARLY INVOLVING |NVASIONS FROM THE MANTLE.

THE SECOND OBJECT!ON OFFZRED 2Y HoweLi To THE IMPACT
THEORY DOES NOT SEEM VERY STRONG, SSPECIALLY |f THE 1MPACT
WAS NOT HIGHER THAN THE ESCAPE VELOCITY. |F COMPLETE FUS|ON

OCCURS, THE PROCESS WOULD GO ATOED BY GREATER SASE OQF BOTH

»

MIXTURE WITH THE MANTLE AND DIFFERINTIATION OF PETROLOGIC

COMPONENTS. AT THE PRESENT TIMZ 1T CANNOT BE SAID WITH GREAT
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CERTAINTY WHAT PROPORTION OF THE ENERGY OF [IMPACT WILL BE

* ¢

INVOLVED IN THE PROCESSES OF MELTING, VAPOR\ZArqu AND
SHATTERING,

SOME FRACTION OF THE MATERIAL MUST HAVE SPREAD OVER
THE SURROUNDING REGION TO A CONSIDERABLE DISTANCE. GEOLOG!C
ACTIVITY OVER U BILLION YEARS WOULD HAVE ERASED ANY INITIAL
STRUCTURAL DETAILS. THE QUESTION TO BE ANSWERED IS WHETHER
SUFFICIENT MATERIAL WOULD REMAIN TO SERVE AS PRIMEVAL CONTI-
NENTS. [N VIEW OF THE DIFFICULT!IES WITH GRADUAL FORMAT!ION OF
THE CONTINENTS RAISED BY THIS STUDY AND THE FACT THAT CONTI~
NENTS DO EXIST, AN AFFIRMATIVE ANSWER APPEARS TO BE A REASON=-
ABLE WORKING HYPOTHES!S.

|F FORMED IN THiIS MANNER, GEOLOG!CAL PROCESSES WITHIN
THE CRUST AND UPPER MANTLE %OULD CERTAINLY HAVE MODIFIED THE
ORIGINAL SHAPES, DIMENSIONS AND COMPOSITION OF THE CONTINENTS.
|F CONVECTIONAL PROCESSES HAVE OPSRATED [N THE MANTLE AS

POSTULATED BY SO MANY, THE

N OCONTINENTAL DEFORMATION WOULD

HAVE BEEN RESTRICTED TO THEZ GUTER RATHER THAN THE |NNER
POGRTIONS OF CONTINENTS. THE RECYCLING OF SEDIMENTS IN THE
BORDER REGION WHILE ROCK FROM THE iNTERIOR WAS CARRIED OUTWARD
ALMOST CONTINUOUSLY MIGHT GIVE THE IMPRESSION OF éONTINENTAL
GROWTH BY ACCRETION AT THE MARGINS. AT FIRST GLANCE THIS
ACCRETION PICTURE LOOKS MUCH BETTER FOR NORTH AMSRICA wx%H

ITS CENTRAL SHIELD THAN IT BDOES FOR THE OTHER CONTINENTS.

AND EVEN 1N NORTH AMERICA, THE OLDEST ROCK SO FAR RECOGN&ZES

OCCURS IN THE NORTHERN ROCKY MOUNTAINS WHICH SHOW RECYCLI|NG
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AND NEW OROGENIC ACTIVITY AS RECENTLY AS LATE CRETACEOUS WHILE

IN AFRICA AND EURASEA THE OLDEST ROCKS QCCUR NEAR CONTINENTAL
MARGINS.,

k3
-
!

THE IMPACT HYPOTHESIS DOES NOT PROVIDE IMMEDIATE EXPLANA-
TIONS FOR THE APPARENT DIFFERENCES iN THE NATURE OF THE
CONTINENTAL AND OCEANIC MANTLE TO A DEPTH OF SEVERAL HUNDRED
KILOMETERS. THE MOST COGENT DIFFERENCES ARE THOSE..RELATED 70
DIFFERENCES, [N SEISM|C VELoCITIES. MacDonaLp (1953) sumvarizes
THE SEISMIC RESULTS AND OFFERS OTHER EVIDENCES FOR D | FFERENCES
BETWEEN CONTINENTAL AND OCEANIC MANTLE BASED ON CONCLUSIONS
FROM GRAVITY AND THERMAL OBSERVATIONS. ALTHOUGH WE CANNOT
AT PRESENT EVALUATE THE EFFECTS OF IMPACT ON THE MANTLE TO A
DEPTH OF SOME HUNDREDS OF KILONETERS, IT MAY BE EXPECTED
THAT SOME DIFFERENCES WOULD DEVELOF DUR!NG SEVERAL BILLIONS
OF YEARS.

THE SMALL DIFFERENCES It HEAT FLOW SETWEEN THE CONTINENTAL
AND OCEANIC CRUST, THE DATA FOR WiHiICH ARE ALSC SUMMARIZED BY
MACDONALD, CANNOT BE READILY EXPLAINED BY THE IMPACT HYPOTHESIS
EXCEPT TO.NOTE THAT ORIGINAL DIFFERENCES MAY QAVE BEEN
MINIMIZED BY GEOLOGICAL PROCESSES INVOLVING INTERACT!ONS
BETWEEN THE CRUST AND MANTLE. '

UNLESS THE AGE OF THE EARTR 1S5 SUBSTANT IALLY HIGHER
THAN 1.5 B.Y. A TERRESTRIAL MECHANISM OF ORIGIN SEEMS UNLIKELY
‘N VIEW OF THE PRESENCE OF CONTINENTS AND NORVAL GEOLOG|CAL
PROCESSES AS REMOTE AS Il BILLION YZARS AGO. .WITHOUT A SUB-

HE

STANTIAL REVISION OF THE AGE OF THE EARTH WE SUBM!T THAT TH
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IMPACT HYPOTHESIS OF ORIGIN IS AS COGENT AS ANY OTHER SO FAR
OFFERED. THE ONLY ALTERNATIVE SEEMS TO BE AN ACCUMULATION
TEMPERATURE CLOSER TO THE SILICATE MELTING POINT WHICH IS

CONTRARY TO THE EVIDENCE FOR COLD ACCUMULATION DISCUSSED

PREVIOUSLY.

CONCLUSIONS

A NQMBER OF GEOLOGICAL AND ASTROPHYSICAL 6ONCLUSIONS
CAN BE DRAWN FROM THE NATURE AND AGES OF THE OLDEST ROCKS,
ESPECIALLY WHEN CONSIDERED IN THE LIGHT OF CONCLUSIONS
REGARDING THE AGE AND ACCUMULATION OF THE EARTH AND THE
EVOLUTION OF THE SUN. We WiSH TO EMPHAS!ZE THAT MANY OF
THESE CONCLUSIONS MUST BE CONSIDERED TENTA%:VE PEND ING
FURTHER INVESTIGATION, BUT WE BEL!EVE THE CONCLUSIONS T0O
BE OF VALUE IN SETTING UP GUIDE LINES AND CERTAIN LIMITING
CONDITIONS.

1. INFERENCES FROM RADIOISOTOPE DATES INDICATE THAT AT
LEAST PARTS OF THREE MAJOR CONTINENTS WERE PRESENT AT LEAST
I BILLION YEARS AGO. ‘

2. SINGCE THE FINDING OF THE OLDEST ROCK RECORD IS IN
PART FORTUITOUS AND IN 'RART THE RESULT OF SUBSEQUENT GEOLOGIC
HISTORY, THE PRIMITIVE CONTINENTS MUST HAVE BEEN CONSIDERABLY
LARGER THAN THE REGIONS OF OLDEST ROCK OCCURRENCE.

5. QUARTZ-BEARING SIALIC ROCKS MUST HAVE EXISTED IN THE
EARLY CONTINENTS IN AT LEAST SUFFICIENT QUANTITIES NECESSARY

TO PROVIDE THE OBSERVED EROSIONAL SEDIMENTS.
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L. SusAERIAL EROSION BY RUNNING WATER MUST HAVE EXISTED
AT LEAST L BiLLioN YEARS AGO.

7. MADEQUATE CONTINENTAL RELIEF MUST HAVE EXISTED AT THIS
TIME TO INITIATE AND MAINTAIN THE EROSIONAL PROCESS AND TO
PROVIDE FOR THE TRANSPORTATION OF THE COARSE SEDIMENTS OF
GREAT ANTIQUITY. .

6. THE surFace TEMPERATURE MUST HAVE BEEN ABOVE FREEZING
OVER MUCH OF THE CONTINENTS 4BOUT | S1LLION YEARS AGO.

T. THE PRIMITIVE ATMOSPHERE AT THIS T1ME PROSABLY HAD
A COMPOSITION SUCH THAT SOLAR LUMINOSITY WAS THE MAJOR FACTOR -
IN DETERMINING TERRESTRIAL SURFACE TEMPERATURES.

8. ACCORD;NG TO CURRENT MODELS OF SOLAR EVOLUTION THE
SURFACE TEMPERATURES WERE PROBABLY SUBFREEZING. ,TO ACCOUNT
FOR THE AQUEOUS EROSION PROBABLY PRESENT Il BILLION YEARS AGO
IT MAY BE IN ORDER EITHER TO PUSH SACK THE AGES OF THE
EARTH AND SUN OR TO MODIFY THE MODELS USED TO SOME EXTENT.

Q. RATES OF EROSION ARE PROPORTIONAL TO TEMPERATURE,
HUMIDITY AND VEGETATION. AS THESE PROBABLY ALL |NCREASED
DURING GEOLOGIC TIME, IT SEEMS THAT SEDIMENTATION RATES
SHOULD ALSO HAVE INCREASED WITH CONSEQUENT DECREASE IN THE
LENGTH OF GEOSYNCLINAL CYCLES. ‘

10. FROM PUBLISHED.  CALCULAT IONS ON THE THERMAL HiSTORY
OF THE EARTH IT CAN BE CONCLUDED THAT.THE MELTING OF SILICATES
IN THE MANTLE WOULD NOT HAVE OCCURRED DURING THE FiRST ElLLION
YEARS OF EARTH HISTORY. THIS SEEMS TO OBVIATE THE POSSIBILITY
THAT CONTINENTS FORMED BY ANY. SEGREGATION PROCESS FROM THE

MANTLE UNLESS THE EARTH WERE CONSIDERASLY OLOER THAN L.5



1
BILLION YEARS.

11, THE ALTERNATIVE PROPOSAL 1S OFFERED:THAT THE CONT I+
NENTS ORIGINATED FROM THE IMPACT OF A SWARM OR SWARMS OF LOW
DENSITY METEORITIC MATERIAL NOT NECESSARILY OCCURRING
SIMJLTANEOUSLY. FUSION AND ADMIXTURE WITH MANTLE MATERIAL
BY GEOLOG!C PROCESSES WOULD HAVE MODIFIED THE ORIGINAL
MATERIAL INTO THE PRESENT CONTINENTS, WHICH FOR THE MOST PART
SEEM TO CONSIST OF RECYCLED SEDIMENTARY ROCKS. THE UNSTABLE
CONTINENTAL MARGINS WOULD TEND TO SUFFER FAIRLY CONT!NUAL
OROBENY 'CREATING THE PERHAPS MISLEADING IMPRESS|ON OF

ACCRETION AROUND A CENTRAL NUCLEUS OR CRATON.

r
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THE VARIATION OF SOLAR LUMINOSITY WITH TIME IN
TERMS OF THE RATIO OF THE PAST LominosiTy (L)
70 THE PRESENT LuminosiTY (Lg) (BASED. On THE
CALCULAT |ONS OF HASELGROVE AND HOYLE, 1959)
TEMPERATU%E VARIATION !N A HOMOGENEQUS EARTH OF
CHONDRITIC COMPOS:TiON HAVING AN INTTIAL

R G N
TENPERATURE OF 1%00°C. (arter MacDonALD, 1959)



