Lunar and Planetary Laboratory

_% Department of Planetary Sciences

i Vigje a Baja!
(Mexico)

. Planetary Geology Field Practicum
- PtyS 5944

Spring 1998

The University of Arizona
Tucson, Arizona




i — 3 T3 73 3 "3 —3 —3 "3 i —3 ~—3 3 "3 3 ~ 3 713 3 "3

Planetary Geology Field Practicum

Baja California Norte, Mexico
28 February - 3 March 1998

Contents

The Planetary Sciences Field Trip Heads South of the Border Editor’s Message
Trip Itinerary

Trip Maps

Geologic Calendar

Vegetation of Baja California Peter Lanagan

Satellite Navigation (interlude) Ralph Lorenz

The Salton Sea  Joe Spitale

Tectonic Evolution in the Vicinity of Anza Borrego Windy Jaeger

Plate Tectonic Origins of Baja California Josh Emery and Cynthia Phillips
Shoreline Processes Terry Hurford

If I were a Cephalopod  Rachael Mastrapa

The Chicxulub Impact Crater and K-T Boundary Layer Nancy Chabot and Jennifer Grier
The K-T Extinctions in the Paleontologic Record Elisabetta Pierazzo

Our Nemesis Eric Wegryn

Algal Mats, Stromatolites, and Microbial Scum  Barbara Cohen and David Trilling
Archean Earth and Early Life James Head

Blueschist Metamorphism  Windy Jaeger

Adventures in Boredom Ralph Lorenz

The Colorado River Delta Andrew Rivkin

Cerro Prieto Geothermal Project Matt Fanny

e
o w R
o

15
20
29
35
41
45

59
65
70
78
81
85
90
94

This Guide Book is produced as part of the Planetary Sciences coursegP;th 594a - Planetary Geology Field Practicum
1

led by Jay Melosh at the University of Arizona, Tucson, Arizona. ©

Editors: Nancy Chabot and Eric Wegryn



The Planetary Sciences Field Trip
Heads South of the Border

Encouraged by the unqualified success of our field trip to Yellowstone National
Park last September, (and bolstered by the fact that Jay's last Planetary Surfaces class
managed to bring back all of their vehicles from Mexico,) this semester we once again
expand the range of our field excursions and travel to Mexico to explore the Baja
peninsula.

Apart from the obvious lures of sand, surf, and fish tacos, we will have an
opportunity to see a region of North America that many of us have never seen before, a
region which is somewhat geographically (and culturally) isolated from us.

Some of the targets on this trip will be familiar to us (at least those of us old-
timers who have been around here for years), such as Anza Borrego, that freak of
nature the Salton Sea, and the ever-popular Pacific shoreline. Also, making an encore
appearance due to their great popularity on the Yellowstone trip, we'll see lots of algae
and microbial scum.

But perhaps the highlight of this trip will be something new for most of us: a
chance to examine the K-T boundary. This thin, iridium-rich stratigraphic layer marks
the end of the Cretaceous period, and the beginning of the Tertiary about 65 million
years ago. It also marks a significant transition in the fossil record, and hence the
evolution of life on Earth. It signaled the end of the big, arguably very ugly, reptilian
monsters of the Mesozoic, and the ascension of the nice, furry, friendly mammals that
were to become our ancestors. ,

We will have talks on the likely cause of this important transition, a large impact
event, on the effect on the unfortunate* creatures that happened to witness it, and on
the ever-debatable theory that this sort of thing happens to Earth fairly regularly every
26 to 30 million years.

In another first, we will be treated on this trip to an animation of plate tectonic
movement of the Baja region, presented on a laptop computer which the department
has obviously decided it doesn't need any more.

In addition to the usual geology stuff, we will also have supplementary talks on

the local vegetation and on satellite navigation, as we cruise in leather-upholstered
style through the malpais of Baja Norte. (At least we won't have to worry about
getting lost in the middle of nowhere, with our GPS receivers and our resident expert
on navigation, Ralph . . . unless of course we somehow get separated from Ralph. . .)

But of course it won't all be leather and iridium. We must be prepared to deal
with not only the usual field trip hardships, but also unpredictable assaults by El Nifio,
banditos, the Federales, and U.S. Customs. So grab those passports and visas, and
pack those fire extinguishers well, because we're heading sur de la frontera, to meet
our destiny, for better or worse. As the redoubtable Chris Chyba would say, <<;Veris
en infierno!>>

Eric Wegryn

* But fortunate of course for all those who survived the cataclysm to feast on roast dinosaur.
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sabado

28 de febrero

1998

domingo

1 de marzo

lunes

2 de marzo

martes

3 de marzo

8:00 a.m.
9:05

1225 p.m.

3:09 PST
3:52
4:43
6:09

8:04 a.m.
9:21
10:58

12:13 p.m.

1:34
3:08
3:33
6:11

8:09 a.m.
8:46

9:24
11:18

12:16 p.m.

3:43
6:01

8:42 a.m.
11:11

11:07 MST

2:19 p.m.
5:59

Itinerario / Guia de Viajeros

Assemble at LPL loading dock, load trucks

Depart LPL, head west on Interstate 10, then I-8 (Lanagan, Lorenz)
almuerzo (near Yuma)

Turn north at El Centro (CA 86) toward the Salton Sea

Stop at the Salton Sea (Spitale)

Stop at Anza Borrego (Jaeger)

Make camp (Anza Borrego) (Emery, Phillips)

Break camp, return south through lovely Imperial Valley
Take I-8 to CA 94 to Tecate, cross border into Mexico
Take Hwy. 3 to south Ensenada

almuerzo

Stop atbeach (Hurford)

Ammonite outcrop (Mastrapa)

K-T boundary (Chabot, Grier, Pierazzo, Wegryn)

Make camp (Laguna Figeroa)

Break camp

Inspect algal mats (Cohen, Trilling, Head)
Head back north to Ensenada on Hwy. 1
Take Hwy. 3 to San Felipe (Jaeger)
almuerzo

Play in Golfo de California (Lorenz)
Make camp (San Felipe)

Break camp; head north on Hwy. 5 toward Mexicali (Rivkin)
Stop at Cerro Prieto Geothermal Field (Fanny)

almuerzo

Take Hwy. 2 east to Sonoita, cross border into U.S.A.
Return to Tucson

NOTE: Except for beginning and end of trip, times are given in Pacific Standard Time (subject to change)

Names in parentheses indicate people who will give talks.
Primary drivers: Barb Cohen, Cynthia Phillips, Andy Rivkin, Joe Spitale, David Trilling, Eric Wegryn



FLATAS DE TIJUANA S & n.Y¥sidro @Y
gl Costa Azur ) 9 b San. Vi‘mo
€l Vigia & Omy Mcga\ m:.»

Rosarito'g
Rosanto Beach Hotel ]

Papoiia §
a
Pra &1 Doscna?ﬂso

Sama Doscanscc AS.?X‘:":

EL DESCANSQ £ o

. ‘S

Pra, M te '3

Plua ‘ezx‘ ’ @rinen & AN0s East Mess '

) ' IJFQ’ﬂfsi ‘n i = 2 ’ 2 W . v X 7 \'\
Tl I San Mi uepm-Zonv . = ALTen . B - 2 9 .
. S LaMisobdUis snget do 1aF) "LJ‘"'Q" . < - iEi P —FROGR : b A

y SH7B7-1534 : : s R pncs =N N

yt_Sla-Rosr “‘-‘,'~

Pta. San,
M.q
L SAUZALY
Juasae Todos Santgs 5 gopia o
ENSENADA N

Pta/Banda Sanlos
La Wwa'

g s | LS e i oo~ 4
kL San! cmas quno* ; B . = =
- RUNTO.TOMAS 99 Al i ' j

d S B D B ~, 3 X 1N
| Ej Hefpesde § - EF funcari ) s g :
a lvsemeenc:a \ 15‘&5%';"9:3:153 a6 los. Fatpals o ! '

Cad '« SMass EtRoui
Law Tm,
i N.eyes crkmrma ﬁ“ 560

[S an Vlce‘ht 33

! Co. el Eoncao -
60~ eszze—~

Pra. San Jacnto

Camati Via la Mar F B;vcaLnBolsa
San el " "3 : : : B
Jmﬂ ‘ <l - Ky i A a)Clars S, 7]Esteros La Ramaca &
€. Emianc 2apataNo. T s R O g
Santo Jonllhgo L,
439

Colonla

Vicente Guerr E -

»

e

K 3 w

b i "k . . ood JESan Felipe - . ;
rin & ; Vs & Vaite Chico_ 5 =% 8ahia " -

/( Wiy >3 g == qMorgta v San Felipe *1. Consag

Monto g0 Rivero, = . . , .7 . .y
Mie. fgﬁ e 4 NIt : s ol 319
Mte. da Ce Ce -0, i A o ' 39 Pla. Estrots -
Pray¥aodibsto Medano Simon Moo ) 3 e

\\ o)

SAN FELIPE (F3: Nesded beside its sheiter y
headlands, the tranquil fishing post of San «
: " nre of Ay

2nd rela;ed aumnosphere. 5an Felipe was foundec

g ‘9 0+ P > Moescai - - . ) 3ithough long a fishing and shrimping per:

&"“o.o 'co.‘ u"c a— sy ,\ -2 = ’ ampo E| Vergel completion of the hardtop road from Mexi  |in 1

« : T R e ) ‘Xﬁ'). : T e e ézz California and Arizona, many of whommaii 1 ho
/ oL .. GCo s"" "’9""" "f\-d} [ 4 = Mencd SCATRO po Portita of town. More foreign tourists visitthisare  Jan.

tan Acapuico ne; alrport has been upgraded to take inte.
Y.&“%“ — with an adeq wvariety of

Wivian's Camp raranths waea af hard narkad cxad havs hoan AV




i ALPATRIA. . U muviSniivmA S e '
\ 4 2 5 0 10 20 30 40 50 m
i o o s
\ e ! One inch equals 15.78 miles or 25.4 kilometres
Lambert's Confarmal Conic Projection
Contour interval 200 metres.

Settlement: Transport:

M E x ] C A LI . .Over 500.000 :% Duali;
LA PAZ 100.000—500.000 —3—
® Tecate s0000—100000

@ Mulege ®  10.000—10.000

(¢}
e

+ Santiago 5000—10.C00
———————— Ver
i ® CAMALU -5 =11 7
X 1000—35000 _ Roaa aistances
2 San Telmo Under 10C0
« Ei Pagelion Setntement, campo. epdo. etc * ——

Airgort. Int

- -
@ San Antonio Rancho ° o ArsinD Paved runw.
2
L Symbols:
1RO PH - - 5
- - Hotei of motel (outside towns) 1 - Ligninouse. navigatior
i Gasaline supply 720 +Ca Leon
!3," L= Commercial trailer park or campgrouna A Microwave co

*0d port % Paint af interest: Archaeological zone Ve

R S ora

@ Rio Colorado FU

:.T ra N . i * Canal. aqueduct £ %
N

ADALBPEWCTBAIA

. < s,
?‘_ " (Masa San Luish™ \ YUMA DESERT ; “ i Intermittent stream = ] g
Ttz N T Tueson .
y v N —— ¢ nngs. Gl : Gar
; AL L - a0, . ave paintings. petroglypns: Gate e nas s
Somorolie POREYT N PN =
8 Rl Ul A" Inosoendencia ! 3 Missions:
i / -
. = Calamajue
\ \ 3 Restorea or wel-preserved 5 Replaced by laler structure ; Visiple ruins 0 Site
i)
a Aquiles Serd \ 1766-1767 Penod of activity J=Jesut F=Franciscan P =Dominican ¥ = Visitng
\ {Capeita c:
ignaco Zaragel, Infills:
...Area supjec:
Sa. El Rosario +520
: R
. /
2 o . Salt lake

La Bya
Sargento

THIRD EDITION 1996 - 99
©ITMB Publishing Ltd. 1986

vol £ ‘Jerdb'g‘?-, e
o { S

: " / +Vol. Romao

Vi T

Lopez Collada
i Est Las Lrsas«&i -
calal ia = :( =
ros La Ramaaga __ES:'_ \‘:J e
) .

Jon AtgEm
os Aml 3
Garaise

wan

:anto Beach
and Let Live
eewee
inca

n Feig

‘ally

v
Dlaz Pk .4 1226

N

[P . N :
e A Co. Tecohte g, a '&e iller
: 62 Sl B

100 7

A IEEEVT

/ &t
2lpe “l. Consag 3 )

< - P Co. Preta - ~ - | Nre- i \
Qacar g < ) ! 8 LiCroyajizs R- AN
Estrel e g / Pta. Roca cel Toro SAN EMETSWO I
Diggs | / La Chpyaw._\ 3o <y ‘Q-\\\ ﬁ
Esire! a, ’ 8 Punra_Penas:o \.\‘
a Guterrez Polanca Puerto Penasco - 1 LA e
; 2N 4 = ; s Guadaiupe NI
Percebu > N =
arcecmm SAN FELIPE (F3): Nestled beside its sheltered bay and protected fram harsh desert winds by high la Hermoso
| headiands, the tranquil fishing port of San Felipe - only two hours south of the border - attracts L .
Aaria 'ncreasing numbers of norteamencano holidaymakers with its expansive beaches, superb spontfishing By i
153 and relaxed atmosphere. San Felipe was founded by the Dominicans in 1797 as a supply depor; v o SR -
vazatian although long a fishing and shrimping centre, permanent settlement did not begin untl 1920. The ':_ . “‘*_
el completian of the hardtop road from Mexicali in 1951 soon brought a steady influx of visitors from - El Patricic
Gilifernia and Arizona, many of whom maintain holiday homes in the campes 1o the north and south = San Carles
- of town. More fareign tourists visit this area than any other part of Baja south of Ensenada, and the e
e Acal 0 nearby airport has been upgraded to take international charters. The town serves its 12,500 — ?; v
e permanent residents with an adequate vaniery of services and accommedation: streets which only . _lvEI
G recently were of hard-packed sand have been paved and new construction is in full swing. There are. = '

(wo PEMEX stations, 2 good range of stores and restaurants, a wide sandy beach (with a five-metre - -

_Co”El Voican #1210
fidal range), a boat-building industry and a fleet of 40 fiching and shnmging hoats, mers are S an J




ERA PERIOD EPOCH AGE DOMINANT LIFE FORMS

3 J J L..._J :

recent
QUATERNARY
01 -+
Q .
Pleistocene
‘ 2
&) é Pliocene
O E
3 S 5 7
& s Miocene
O & | TERTIARY
< T 24 -
Oligocene
37 4
Eocene
58 -
Paleocene
66
CRETACEQUS
03 K
o% 144 ~
N« | JURASSIC
N S J
< TRIASSIC
R 245
PERMIAN
P - ' ,
286 - p /
PENNSYLVANIAN |
P —
Oal 330 - Z
o 2 IMISSISSIPPIAN
ic M '
o 360 @@/
=< & |[DEVONIAN D ~
o < 408 -
SILURIAN S |
438 -
GRDOVICIAN ﬁﬂ@
o
505 -
CAMBRIAN
C
570 — ~
PRECAMBRIAN \_@7} @
I pC §

Geologic calendar

,al,j__.él__é]

—3




o
o

‘ e 2
W




re=

Planetary...errr...

Plant Sciences Field Trip

egetation of Baja California

Your Gringo Host: Pedre Lanagan



FLORISTICA Y ECOLOGIA

CALIFORNIA ARIZONA

SONORA

Matonal c s
iy A N
- Crapang

l Bosque O Tontenas
ﬁh:..hn\ ,.n\u\n s?

[2253)]
g w.l.‘ MAtoH Al st
I ﬂ!'u.h?____wv..\rv_)

Agaque subttropcsl caducdoho

De ..v\_r..o..rh G P.hl..\u..ﬂl. [ h.c\n-*! s

Figura 15a. Principales tipos de vegetacion en Baja California.

L \.@Nn, \ r\_.k L\NP W,\?\:.,wv_ \u.\_.\d et \

. L | L
\Um\muﬁk..\vo \\aw &PJ - C\quo %)

-

SV Sx et Al

i

GQ\O\Q

I E
N.,.n. \&h\.m

3-

~ FUENTE OIRECCION GENERAL D

ﬁ
PRINCIPALES TIPOS DE
VEGETACION DEL NORTE

DE BAJA!CALIFORNIA, MEXICO.

_ {DELGAD!
[] cHaparmaL

Bl #2rismas v punascos
Marghes+(onsthl
D BOSQUE DE CONIFERAS
ﬁn\...dﬁﬂ.\ Fore s~
WMM MATORRAL DESERTICO
thﬁ‘..T Wl.frh r
[] wmatorrac cosTero
(oe wdnl.q w\ffmr

ESCALA 1'000,000

" BEL TERRITORIG NACIG

OiBLIO & PRRSA W |

Figura 15b.

L I i i
Jose Delgadillo
5
M L
| |
| \
ﬁ
f
LLO, 1990)
FERAS— - —
_U...)nv
4 \
GEOGRAFIA N ,./
NAL = & il
125

!T.'”.




Ensenada B.C.
lemperatura

5an Pedro Mgrtir B.C
lemperaturg |

m“. m _m m W|L M W\ ; m . W

13

e —

e~

[E]] 1% 1%65

~gin ~—ltp e

2 JL:Y

- it - = ihig % piy

-

-

Ensenada,B.C.
Precipitacion

San UQQ?C Moriir, m L.
:.?&TS

N _M — Wr|\ F

——e
L 2 TR T T Y T

= frciinin e my,

. === precipiizimm,



Carddn

P Marsine Hedyehoy

wgan Pioa Cadus Pitayita

PRlaye Dulce




*suunjos oaty Suspasasd u s3uuapud |vI0 ] q *satrads 4ad ano puolog o

O

P .
el £l tl 69 8¢ (praggroni)) .m m
acaTaIsSLIg @
c -
cog 1€ u £L ) usu_..__&w_om bl 5
£0¢ L i 8L 6l araseiqioydny g€
€61 Ll ¥ +8 X4 avaseuejnydosag v m =]
oL 1L 01 16 Ll AT 4 \ .m.M
0t tL 9¢ L0z £s acsoutwinda ®
£l £ £ 9z 98 (sroupitan) .
atadro 05
- srnsodw —- Q5
Log sel 113 Sof 0Fl ! D @ 5
ko] e}
CXTIJNUAPUD  SWAPUY  ,SINILTA $a192dG TIUN) (TR . 2 2
ERIZTIERYEN [saadsqng 3 @
c 2
yors ug sorwApuUd Jo aferuadsad pue S m a

‘syur(d rviusojir) vleg jo sarnwej pajussaadal Apacay isows iy ¢ Iave W s PR

fuogi : HY 58
E o
g w
O
g E

@©
—— . v- M -m
“sutunfos od) Suspasaad us suudpu2 |40 J o *sa92ds 12d auo puokag o - % a.
L¢) -_— .
O © C
999 174 s0L'T 88 sst s|eo ], w. g9
E £%
4 6 L91 Ls 14 $13410 |1y g -}l S©
£ £ 6£7 98 1 (araunuesn) 263080 S 3
:sauopI]£1020UON g .M M
£9¢ <ol 98 062 65 arjraadAjog € 3e
96¢C 68 0+0'1 rAX 8¢ arjmedowen) ) M
98 144 {743 16 LYA szpeiady o8
:souopajf1001(J g ——— w2
1 I ¥ 9 £ svusadsouwfn : : 3 <
+ s 9 (44 8 Safj[e pue swiag ¥ i a

GSMWOPUT  SANILIEA saadg TI2UIN) sajjrwe,| dnoig siwouoxe],
[sanadsqng

sdnois urd Jofrw Aq ‘rrusepipe) vlvg Jo viof A Aq padTiquId SHIWIPUI
pue ‘sanpurea/sotoadsqns ‘sapads ‘viauaf ‘saljiwiey jo uonenqe], ¢ d1avl



ﬂ"m haﬁ‘

A FBoss
Hoxa Sivetre

|2

?’fiﬂk?}f ?ﬁ‘&f 'mczm
Mepal, Tuna




o

Asoyo Lupine

Garbanclio




About the Pretty Pictures

The plant album included in this handout is hardly meant to be anything other than a
poor sampling of the variety of vegetation we will encounter on this trip. Basically, the
photos of plants fall into two general categories: plants that we may see in flower (as such
coverage was requested), and cacti that we may see (as they are generally cool for reasons
I'll get into later.) I was also biased towards those species which are either endemic to Baja
California or have some associated neato stories. Clearly, this shortchanges the coniferous
plants of the higher elevations, the vegetation of estuaries, residents of coastal dunes, etc.
Rest assured, I will cover these at the appropriate times.

Oh yes...we probably will be just a bit too far north to see cirios like the one shown

on the title page. However, I have (unjustified) hopes that maybe they have a range larger
than the guide books indicate.

Selected References

Delgadillo Rodriguez, José. 1992. Floristica y ecologia del norte de Baja California.
Universidad Auténoma de Baja California. Ensenada.

Roberts, Norman C. 1989. Baja California Plant Field Guide. Natural History Publishing
Co. La Jolla.

Turner, Raymond M., Janice E. Bowers, and Tony L. Burgess. 1995. Sonoran Desert
Plants: An Ecological Atlas. University of Arizona Press. Tucson.

Wiggins, Ira L. 1980. Flora of Baja California. Stanford University Press. Stanford.

3 _j

—3 3 3

3

— 3

-3



SATELLITE NAVIGATION

Hitch your Wagon to a Star
Ralph Waldo Emerson

The Prudent Navigator will not rely solely on any single aid to navigation
US Coast Guard Notices to Mariners

must.....talk.....about....rockets and planes and stuff
Ralph Lorenz

Really Early Satellite Navigation

While latitude could be easily determined on a ship using the sun and a sextant, the problem of
determining longitude was a significant problem, prompting the Engish government (dependent
on maritime navigation for its strategic survival and commercial success) in 1714 to offer a prize
of some 20000 pounds for its solution. The difficulty was that no-one had devised a clock that
could keep sufficient accuracy on an ocean voyage to allow star fixes to be made.

One proposed idea (Whiston, 1738) was to use the relative configuration of the Galilean
satellites observed through a small telescope to determine time. This fell afoul, however, of
the difficulties of using a telescope on a heaving deck.

Ultimately the issue was solved by making the clock small. Harrington's chronometer kept
time within a minute or so during a crossing of the Atlantic, and used bimetallic components (to
compensate for thermal expansion) and had two oppositely-swinging balance wheels to null
the effect of the ship's motion. He was awarded the prize a mere 3 years before his death, some
40 years after his clocks first met the Board of Longitude's success criteria. The story was a
recent UK best seller (Sobel, 1995) and is also told elsewhere (e.g. Smiles, 1884).

The Modern Era - Radio Navigation

While commerce (albeit strategic commerce) was the driver for early navigation, the next steps
were prompted by the need for night-time bombing raids during World War 2. By flying along a
radio beam, and timing the release of bombs by a number of cross-beams, German bombers could
improve their night accuracy to about 120 yards. The system, however, proved vulnerable to
British jamming.

Peacetime systems for general navigation (LORAN-C ) use a 'master station' emitting pulses;
secondary stations emit other radio pulses when they receive the master pulses. A navigator
can use the time difference between his/her receipt of the master and two slave pulses to
determine his/her location (exercise for the reader: prove that the curves of constant time
difference, on a flat Earth at least, correspond to hyperbolae). A similar system, DECCA,
operates over a smaller region (European waters) with correspondingly higher accuracy.

Other systems (RDF - radio direction finding) use rotating beacons : from the timing of the
signal, the bearing from the beacon is known.
The First Satellite Systems

The first satellite navigation systems (TRANSIT'; 1960 onwards) used low-orbiting satellites.

The orbit of the satellites was known to reasonable accuracy [in fact later 'NOVA' satellites
used a small drag-matching plasma propulsion system] and is transmitted by the satellite.

1S



When a satellite flew overhead, the surface vessel's position along the orbit depends on when
it hears the signal. Its crossrange position is determined (ambiguously) by the Doppler shift - if
the sub is far from the groundtrack, there will be a shallow doppler curve, while close to it the
doppler curve is steep.

This allowed (surfaced) Polaris missile submarines to determine their position down to 150m or
so, but satellite passes occur only once an hour or so. A significant error source is uncertainty in
the drift of the submarine.

The Modern Era - The Global Positioning System (GPS)

The NAVSTAR GPS system, which we are using on our trip, began as joint USAF/Navy project
in 1973. The first satellite was launched in 1978, and the system was declared fully operational
in 1994 (on Feb 1 by the FAA; July 17 by the Air Force) - it had of course been widely used long
before, notably during the Gulf War.

The system uses 24 satellites in orbits 11,000 nautical miles up (12 hour period). The satellites
are in 6 orbital planes, each at 55° inclination. Signals from the satellites (which carry
accurate rubidium clocks) are transmitted including the satellite's position and the time of
transmission. With 3 satellites, a 2-D position can be determined. A more accurate (and/or 3-D

fix) requires 4 satellites. With 24 satellites in the constellation, several are in view at any
time.

Two signal streams are transmitted; the military (encrypted) 'P-code’, and the 'C/A’ code,
available to all. The accuracy of the former is better than 20m. Depending on conditions
(notably ionospheric disturbances, which alter the transit time of the signals) general accuracy
is about 100m. Vertical accuracy is usually about 50% poorer.

Note that translating a 3-D position in a coordinate frame centered on the Earth's barycenter
(as are the satellites) into a latitude, longitude and altitude is non-trivial, and depends on the
reference shape used. For example, most GPS receivers use the World Geodetic System
(WGS84), while most maps in the US use the North American Datum 1927 (NAD27). A WGS84
position plotted on a NAD27 chart in the Pacific Northwest would be 65ft S and 330ft W of its
true position. These errors can be a mile or more in other parts of the world.

The effects of ionospheric disturbance can be compensated over modest distances by comparing in
real-time the position measured at a fixed reference station with that from the movable one.
This Differential GPS allows very accurate measurements to be made.

Militarily, accurate navigation is vital. Not only in itself, to dump shells, nukes or paratroops
in the right place, or to navigate tanks on a featureless desert, but also because bad navigation
is all too often a pretext e.g. the shooting down of KAL 007 over Siberia in 1983; the seizing of
the USS Pueblo by North Korea in 1968 (claiming it was in territorial waters), or the Soviet
submarine which ran aground next to a restricted Swedish naval base in 1981 claiming ‘poor
navigation'. The notion is highlighted in modern fiction (e.g. United Artists, 1997)

Incidentally, there are reports around of jammers, able to inhibit the operation of GPS receivers
over radii of hundreds of km. There is a Russian system, GLONASS, which operates similarly
to GPS, and combined GPS/GLONASS receivers are becoming available.
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The Inverse Problem

Not always is it the user on the ground that wants to determine his/ her position. A
constellation of satellites (now retired) called Vela used the differential arrival times of
neutrons to determine their source, and hence determine where nuclear explosions had occurred.

The Iridium satellite constellation (built in Phoenix) uses (electronically) steerable beams on
its antennae to provide cellular phone service. The beam footprint is only 10km or so wide; it
follows that the satellite has to know where the phone is.....

Similarly, not all satellite tracking uses NORAD. By measuring the time of acquisition and
loss of signal, and the doppler profile, of a satellite, a single, simple groundstation can
constrain a satellite orbit.

Swords into Ploughshares, and the Planetary Connection

The improved safety of marine and aviation transport benefits us all. Accurate satellite
tracking allows neat things like interferometric radar imaging, to observe ice flows, the
swelling of magma chambers under volcanos. These effects can also be observed by accurate
DGPS.

Satellite tracking also allows the determination of the gravity field - and hence such wonders
as the core of Io, masscons on the Moon, etc. A system like the drag compensation system used on
NOVA will be used on Gravity Probe B.

Because GPS signals are affected slightly by ionospheric disturbances and water vapor in the
atmosphere, there are plans to use the large GPS constellation to perform tomography of these
properties - essentially there are dozens of radio-occultations going on all the time.

Satellite Navigation by Eye

of you are at high latitudes, you will see many (polar orbiting) satellites moving N-S on a clear
night: the inclination distribution of satellites seen at lower latitudes is much broader.

*In Europe, look at peoples satellite TV dishes : note (1) they are smaller (European Direct
Broadcast satellites use higher transmit power) and (2) they point very low on the horizon.
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* Geologic History and Setting of the Salton Trough

e Pullapart zone, growing due to dextral motion along two
parallel traces of the San Andreas Fault.

e Crustal attenuation, volcanism, normal faulting[4].

* Mostly filled with sediment[3]
e Shallow marine
e Colorado river

* Record of Paleolakes in the Salton Troughl[1]

e Evidence of previous seas
* Fossil oyster beds
* Ancient shorelines

* Gulf of California may have once extended north towards
San Bernadino mountains

* Northern portion of trough cut off by Colorado River delta
-> periodic lakes due to flooding of Colorado river

e Most recent lake : Lake Cahuilla

* Existed as recently as 300 years ago according to
legends of local tribes.

* Diversion of Colorado River ultimately caused
desiccation.

* Lake Cahuilla disappeared slowly -> Salton Sink.

e History of the Salton Sea[1],[2]

* 1901: Water diverted from Colorado River for irrigation in
Imperial Valley -> Salton Sea began to form from runoff.

* 1904: ~0.2 feet deep.

A
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* 1905: Colorado River flood, took two years for irrigators to
regain control.

¢ 1907: Maximum water volume, ~80 ft deep, 45 miles long,
~520 square miles.

¢ Generally disappearing since 1907.

e Water sources: rain on surface, runoff from irrigation,
groundwater flow.

¢ Water sinks: evaporation.

» High salinity due to accumulated salts on bed as well as
concentration due to evaporation.
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TECTONIC EVOLUTION IN THE VICINITY OF
ANZA BORREGO

Windy Jaeger
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Modern Figure 9.17  Block diagram showing the origin of the
Strand of Ridge Basin as a sigmoidal bend in the San Andreas
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Fault geometry of the basin. From Crowell and Link (1982).
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(stippled), Tertiary and Quaternary sedimentary rocks (no pattern), and main towns in the Salton Trough.
The polygon across the San Andreas fault zone north of the Salton Sea outlines the map area in the central
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Plate Tectonic Origins of Baja California and the

Baja-British Columbia Connection
Josh Emery and Cynthia Phillips

For such a small piece of continental crust, the Baja Peninsula
has had a rather long and eventful history. Attempts to understand
this history necessarily take us back in time over 100 million years
and involve a tremendous cast of tectonic characters stretching from
the equator to Alaska, some still with us, others long since erased
from the face of the Earth. Our story begins with a very typical,
ordinary subduction zone, but quickly begins to weave through the
vast array of tectonic expressions on the pacific coast, from the
majestic Rocky Mountains to the deadly San Andreas fault system.
Below is a timing of major events pertinent to this story and a few
illustrative figures to help navigate through the complicated history
of Baja California.

PRESENT (0-5) 37Ma (37-43) 56 Ma (56-61)
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Figure I... Late Mesozoic and Cenozoic paleogeographic maps and plate motions constructed with
respect to the hot spots, after Engebretson and others (1985). Shaded areas in C, D, and E indicate range
of possible locations for the Kula-Farallon spreading center. Y = Yellowstone hot spot, H = Hawaiian

hot spot. 3 5



~120 Ma  Pacific Ocean dominated by Farallon plate which is
subducting beneath North America(NA).
Pacific plate isolated west of ~180° long. in between
Izanagi plate to north and Phoenix plate to south.
All plate boundaries are ridges (except NA).
Fig. 1
~90 Ma Formation of Kula plate (fractures off north Farallon).
Kula has very fast northward motions (up to 17 cm/yr).
At roughly this time the Santa Lucia allochthon (southern
CA) and the Peninsular Ranges terrain (Baja CA) are
amalgamating near the equator and Central
America/southern Mexico, respectively.
Figs. 1 and 2
~90-50Ma Santa Lucia emplaced on NA at southern CA.
Peninsular Ranges emplaced at northern Mexico.
Fig. 2
~30 Ma Farallon-Pacific spreading ridge begins subducting under
NA at southern CA or northern Baja.

Farallon plate now fractured into smaller plates
- continue transport and rotation of microplates
until present.
Triple junction travels north and south along coast as

ridge subducts, changing boundary from subduction
to shear.

Fig. 1

~12 Ma Triple junction south of Baja.
Faults taking up shear begin transferring inland.
Fig. 3

~6-3.5 Ma Pull apart basins forming --> Proto-gulf.
Tosco-Abreojos fault still active (west of Baja).
Baja essentially a microplate.

~3.5 Ma to present
Baja becomes part of Pacific plate (TA fault inactive).

Oceanic spreading began in gulf ~2.6 Ma
Fig. 3
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PRESENT

3 Ma

8 Ma

Figure .2-Schematic tectonic development of the Gulf of California region. These figures show major faults thought to be
active at each indicated time. - C ’ i izt
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The Baja British Columbia Hypothesis: Rocks that are now in British Columbia formed off
the coast of NW Mexico, at the latitude of Baja California. They drifted east, docked with
North American continent between 100 and 80 mya, and then slid northward between 80
and 50 mya along great system of faults to present location in Canada.

Evidence for Baja British Columbia
Hypothesis

Evidence against Baja BC
hypothesis

]

General picture:

I--Il’aleomagnetic inclinations:
show what latitude blocks are
formed at

Terranes that are now British
Columbia originally formed at
latitude of Baja California, then were
translated northward 1000 to 3000
km to present location

Terranes that are now British
Columbia formed off coast of
Canada, and were accreted onto
North America at same latitude

Paleomagnetic inclinations in coastal
BC are shallower than inland,
suggest formed 3000 km to south 95
million years ago

This assumes that the orientation
of plutons hasn’t changed since
formation; more likely, blocks
have been tilted by geologic
processes, making magnetic
inclinations shallow

BUT:

Paleomag folks adjusted for tilting
of warped sedimentary and volcanic
layers (originally flat when
emplaced), got consistent values for
magnetic inclination which are still
shallow

The fault

where is the fault? geologists
see no evidence of fault in the
area, therefore no room for lots
of displacement

BUT:

Paleomag folks suggest that the fault
could have been obliterated by
younger plutons, or reactivated as a
dip-slip fault, or removed by crustal
extension

geologists doubt that the fault
would be so deformed that they
couldn’t find it

marine fossils: if rocks
formed far to south, would
expect warm-water mollusks
and microfossils in rocks

most of 145 to 100 myr old
fossils in rocks are characteristic
of temperate and northern
latitudes, suggesting that rocks
formed at present latitude

zircon grains in sediment: if
formed near mexico, expect
to be 1 gyr old, but if formed
near BC, expect 2 gyr old

The hit and run theory of
formation of the Rockies
(Laramide Orogeny):
Resembles orogenies due to
plate collisions elsewhere, but
where’s the plate?

grain ages older than Mexico,
consistent with position 500 to
1000 km to S, not 3000 kmto S

Laramide orogeny could have been

caused by plate collision / translation

as Baja British Columbia slid
northward along western coast of
US - same time frame, consistent
with structure of rifting etc. on Baja
British Columbia

--§hallow slab subduction beneath

western NA plate caused crustal
block uplifts and magmatism,
creating the Laramide Orogeny
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Deep-water wave Beach

Wave action in deep water resembles circular orbits which dampen with depth. Most of
this circular motion has died out at a point where the depth reaches half the wave length
of the surface wave. The wave begins to feel the sea bottom as the water shallows
causing the circular orbits to flatten until only onshore and offshore motion remains.

This part of wave stays. indesp
water and does not slow down

If waves approach perpendicular to the shore a grain of sand on the beach would move
back and forth, onshore and offshore. Waves that approach the shore at an angle create a
longshore current that runs parallel to the shoreline. This current allows a net movement
of sand grains in the direction of the induced current.
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Path of sand grains
\

P e
Longshore
current moves

suspended sand
in surf zone

Sand grains move in a zig-zag pattern along the direction of the longshore current.

longshore drift carrying sand can form spits and baymouth bars.

Baymouth bar

This

Islands can act to refract waves which induces longshore transport of sand directly behind

them which over time can build up a tombolo.
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Irregular coast lines produce wave refraction that deposits eroded material on beaches in
bays. This eroded material comes from the headlands where erosion takes place.
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If I were a Cephalopod ®
The story of the Ammonites: Late Devonian - Upper Cretaceous

Taxonomy.

As a quick review of Freshman biology, lets first take a look at taxonomy.
Running from the broadest to the most general, the classification scheme is: Phylum,
Class, Order, Family, Genus, Species. This can be peppered with Super’s and Sub’s to
account for groups not large enough to warrant a new division. Example of what we may
see today:

Phylum Mollusca
Class Cephalopoda
Subclass Ammonoidea
Order Ammonitida
Superfamily Goniatitina
Family Goniatitaceae, etc.

Phylum Mollusca
This phyla contains critters that are most favored in Boston, those that go crunch
when you’re wandering barefoot at night, and those that attack and devour submarines.
Figure 1, depicts the many classes of Molluscs including: Bivalvia (clams), Gastropoda
(snails), and Cephalopoda (squid, octopi, and ammonites!). Due to the similarities of their
internal organs, the Molluscs are thought to have evolved from a single common ancestor
(other than the LCA) not yet found in the fossil record.

+

Figure 1. Phylum Mollusca
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Class Cephalopoda

The Cephalopods (headfeet) include three Subclasses: Colieoidea, Nautiloidea, and
Ammonoidea. The Colieoids have an internal shell. Examples are squids, octopi, and
cuttlefish.. The Nautiloids have a coiled or straight external shell. To first order
Ammonites differ mainly in that their external shells are always coiled.

Nautiloids vs. Ammonoids
First a crash course in Cephalopod Anatomy.

(a) Nautilus pompilius
- siphonal tube (porous) septal neck (non-porous) (b)

gill

Figure 2. Nautiloids vs. Ammonites

The interior of the shell is made up of a series of chambers called camerae. They
are connected by a single tube called a siphuncle. The walls enclosing the camerae are
called septa (sing. septum). Where the septa intersect with the shell they produce a
pattern called suture. Some of the internal organs are depicted in part b of Figure 2,
including the gills, gonads, and the hyponome. The hyponome is a short tube that the

cephalopod uses for propulsion by squirting water out, similar to the caterpillar drive in
Hunt for Red October.

The main differences between Nautiloids and Ammonites is the location of the
siphuncle and the suture pattern. All nautiloids have their siphuncle located centrally, as
seen in Figure 2a. Wow, you’re actually reading my handout. Most ammonites have their
siphuncles positioned on the ventral, or on the outside of the shell, as seen in Figure 2b.
Some have them located on the dorsal side, but those are rare. Nautiloids tend to have a
very simplistic suture pattern, while those of Ammonites can be very complex.

Evolution of Suture Patterns (or How to Build a Better Submarine)

There are three main types of suture patterns, ranging from simple to complex,
Figure 3. The simplest is goniatitic which consists of smooth saddle and pointed lobes.
ceratitic suture is the same, except that the cusps are jagged. I’'m not even going to try to
describe ammonitic suture, since you can take a look at it yourself in Figure 3c.
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The ammonites didn’t spend their existence generating these pretty patterns so that
the Nature Company could make a buck. No, in the days before capitalism things had to
be useful. The more complex the suture pattern, the more support from the septa, and

-thus, the stronger the shell. The stronger the shell, the deeper the ammonite can swim
- without imploding. Exact numbers on the strength of the shells are unfortunately
“unavailable, since the actual shell material is generally replaced during fossilization.
Paleontologists are still debating about such characteristics as sexual dimorphism.
. Generally the jury is still out, since the ammonites are, alas, extinct, and can only be
.. compared to the modern Nautilus. But that’s OK, since we’re sure to see the ammonites in
- -hell.
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Limestone Petrology (all you’ll ever want to know) ®

The carbonates are broken up into two main groups: limestone, which is made of
Calcite (CaCO3) and dolostone, which is made of dolomite (MgCO3). These rocks are
generally classified by the type and texture of their allochems. Allochems are bits of pre
formed rock. They include fossils, oolites (spherically layered carbonates), organics, and
precipitates. Classification systems differ in what they think is important. The Dunham
system looks at depositional texture. The Folk system recognizes four materials:
allochems, microcrystaline ooze (micrite), crystalline calcite (sparite), and fossiliferous
reef rock (biolithite). The Cuffey system is something of a meld of the two. If you
have any questions talk to my petrology book.
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Introducing the

LPL Field Trip Song Book
First Edition

In observance of our first visit to B

learn one of Mexico’s best known songs.

aja, I thought it appropriate for the group to
Ialso didn’t want to hear La Cucaracha.

Cielito Lindo
Quirino Mendoza y Cortes

trans. some guy on the web
Sung to the tune of “Cielito Lindo”

De la Sierra Morena,

Cielito lindo, vienen bajando
Un par de ojitos negros,
Cielito lindo, de contrabando

Coro:

Ay, ay, ay, ay,

Canta y no llores,

Porque cantando se alegran,
Cielito lindo, los corazones

Pajaro que abandona,

Cielito lindo, su primer nido,
Si lo encuentra ocupado,
Cielito lindo, bien merecido
Coro:

Ese lunar que tienes,

Cielito lindo, junto a la boca,
No se lo des nadie,

Cielito lindo que a mi toca
Coro:

Si tu boquita, morena

Cielito lindo, fuera de azucar,
Yo me lo pasaria,

Cielito lindo, chupa que chupa
Coro:

De tu casa a la mia,

Cielito lindo, no hay ms que un paso,
Ahora que estamos solos,

Cielito lindo, dame un abrazo.

Coro:

S0

From the dark mountains, my darling,
You look down on me, my pretty sky.
O your dark eyes make my heart sing
Pretty sky, so lovely that I could die.

Chorus:

Ay, ay, ay, ay,

Sing, and don’t cry,

Because singing, it makes the spirits high
And makes the heart glad, my pretty sky.

A restless bird that leaves it’s nest,
To take wing and to fly, pretty sky,
May find that it can never rest,
Pretty sky, once it says goodbye.
Chorus:

That beauty mark that you have on,
Your dark mountainous lip, pretty sky,
O, please let it never be gone,

Pretty sky, because it’s mine till I die.
Chorus:

Your brown mountain mouth, seemed
Sweeter than sugar, seen in my fond gaze
Could I but taste and never weaned,
Pretty sky, I'd be content all my days.
Chorus:

From your house to mine does wind
Only one road, my pretty, pretty sky.
If on our private path we find,

Each other, in your arms I will fly.
Chorus:

3 _3 __3
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The Chicxulub Impact Crater and the K/T Boundary Layer

Impact Theory, What to look for, and What you’d see if you really found it

brought to you by your hostess with neuroses, Jennifer A. Grier
and your hostess with the steel tire jack, Nancy Chabot

L]
.

Impact, Climate Changers, and stuff
that might ruin your day

The “approximately circular geophysical anomaly”
that is now considered to constitute the Chicxulub
crater was identified by oil drilling surveys
conducted in the 50’s. The structure lies on the very
northern edge of the Yucatan peninsula, and seismic,
gravity and magnetic data suggest that the best
estimate for the diameter of the feature is 180 km
(this point has been debated). Crystalline melt rock
and polymict breccia (from the carbonate platform
overlain by about 1 km of Tertiary sediments) have
been recovered by the drilling. 40Ar/39Ar dating has
been conducted on melt samples from the structure,
which appear indistinguishable from impact glasses
obtained from Mexico and the Caribbean (~ 65 Ma).
The controversy surrounding the identification of this
structure as an impact crater, and other areas of
contention will be discussed by Betty.

Thus it is generally believed that the formation of the
crater began ~65 Ma ago, when a body impacted the
shallow sea ( < 100 m depth) then extant over the
northern peninsula region of the Yucatan. Under the
sea was a thick sequence of carbonates (limestone
and some dolomite) and evaporites (anhydrite CaSO,
and some gypsum CaSO, ' 2H,0). Estimates range
from 50-50, to 70% carbonate, 30% evaporites. The
impact explosion energy was a massive 1E8
megatons, ejecting material out from a depth of 13 to
15 km and displacing material at about 40 km depth.
The best estimates for the transient crater diameter are
90 to 105 km. The final crater appears to be a
complex, probably multi-ring basin with a possible
central peak or even a central ring.

It is quite probable that the Chicxulub impact event
was responsible for a dramatic global climate change

65 Ma ago, as well as local devastation. The amount
of thermal radiation produced by the impact would
have ignited forests; thereby destroying local
ecosystems and adding more smoke and dust to the
atmospheric mix. Tsunamis are also predicted, and
supposedly some evidence for their occurrence at the
K/T boundary exists in some Gulf sites in Mexico.
Blast waves, and at a greater distance atmospheric
overpressure would have flattened local plants and
killed animals instantaneously. Even a much smaller
impact, like meteor crater, was responsible for
widespread devastation of the local area, and no
doubt, the extermination of much local flora and
fauna.

An increase of 20% CO, in the atmosphere has been
predicted, but would probably not have been the
driving factor for climate change. This increase in
CO, would probably have caused an increase in the

overall temperature of only 1.2 °C. Conversely,
Chicxulub might have liberated enough S bearing
gases (SO, or SO3) to depress world temperatures

more than 5 °C for several years or even decades. S
and water pumped into the atmosphere by the impact
might have combined to form stable, long lasting
sulfate aerosol particles, which appear to be very
effective at blocking sunlight from the surface.
Because of this, it appears that the target lithology of
a very big impact like Chicxulub is of great
importance in ascertaining the effect of the impact on
the climate. If the impact had occurred into different
rocks, the effect may have been quite different. The
angle of the impact may also be an important factor.
Some studies indicate that oblique impacts may
vaporize more of the surface layers than more vertical
impacts. While acid rain has been shown to be an
expected product of the impact event, it is not clear if
the pH levels of sea water would be effected enough
to cause and mass extinctions.

Chicxulub Crater, K/T Section Stop - Jennifer Grier and Nancy Chabot
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II. What to Look for at the Site (also
how to get there and how to find
what we are interested in)

Some food for thought, given how much rain we’ve
had ... “We just came back from our Baja trip, and
we did actually manage to visit the locations at San
Antonio Del Mar. There was a massive rainstorm
last week, which wiped out the main road to the
beach along that section, but we were able to drive
down to the coast village right near the K/T section
and walk in from there. It was 4WD most of the

W AMONIT N31 05.10194' W116 18.92140'

The early Paleocene turatella gastropod locality is
South of the wash entrance to the beach GPS of: W
TURITL N31 04.29985' WI116 19.11001' A

Unfortunately, the critical interval which must
contain the K/T boundary is not exposed on them
beach, being covered by Qal. However, we can
begin by looking for the gastropods on the beach
which are in a characteristic claystone / mudstone
facies with yellow (sulfurous) banding, just below a
facies change to more sandy, light weathering unit.

This caps the cliff face on the North side of the
wash, and can be seen in the exposures on the South =
face of the wash as well, just inland from the beach.
The ammonite position can be correlated southwards
to the wash based on some thick carbonate@.ﬁ1

way, slipping and sliding in mud... (Joe
Kirschvink)” Yeehah!

First, we need to actually get to the field stop, and
then we need to do our best to constrain the location
of the K/T boundary layer we are interested in. We
have GPS coordinates to help us get in to the K/T
field stop, and to help us find the locations of the two
critical fossil localities on the beach which constrain
the position (Paleocene gastropods, and upper
Maastrictian ammonites) of the K/T section.

concretions, with characteristic orange carbonate
veins inside them,; this is clearly visible in the lower
part of the cliff. (Note the real 'cliff' is near the top
of the wash section - you can scramble up the smail ™
erosion gullies to examine the section between the

two constraints there.)
=)

After we have constrained the location of the K/T
boundary between the gastropods and ammonites,
we need to closely examine the interval between =
these boundaries, and see if we convince ourselves
that the K/T boundary is there, and if any sign of the
impact layer(s) is there. We will probably be looking -
in and around the Ballenas Formation. At the base of |
this formation should be a conglomerate which
contains the K/T rock area we are interested in.
Given the distance from the impact site in the ™
Yucatan, we might expect the thickness of the
deposit to be much like that identified in Colorado.
There the K/T impact layer is about 1 cm thick. We
should be looking for a clay stone of a different j
color, or perhaps a pebbly conglomerate which might
indicate seismic slumping of the material. Both of

. the two layers described in section 1 may not be
:g:d[;:;c%paﬂt(hrée%%' 115? ?Nig;‘it;yw?yd)m%hi(zg?stg identifiablf;, singe a conglomerate or seismic
reasonably flat area to camp in, if desired. Walk slumping might wipe out 2 layer(s). -
down the road to the main wash that has access to the

beach. II1.

Directions and GPS coords to the K/T field stop:

W SADMOI N31 04.56989' W116 12.53012'
(This is the turn off from the main highway #1 into
the Plya San Antonio Del Mar). Take the road up the
hill and in towards the coast.

W SADMO2 N31 05.64009' W116 17.22002'
(this is a Y-junction - take the left-hand road,
towards SADMO3)

W SADMO3 N31 05.04014' W116 18.22006'
(Another Y-junction - take the south road, up the hill
towards the cliff overlooking the beach. Follow this
road south to the small village perched on the sea
cliffs - there are several vacation homes under
construction. Drive down the almost-washed-away

What you’d see if you really found it

Beds at this locality dip gently to the South, and it is
possible to trace units around to the fresh exposures
on the beach, where most of the fossils are. The

The K/T boundary sequence is composed of two 7
layers at locations within about 5000 km of

. A . - Chicxulub crater. These two layers correspond to
highest Masstrictian ammonite located so far is North low and high energy ejecta. Theybottom oflzhe two ™

of the wash entrance to the beach at GPS coordinates layers is the low energy ejecta, the thickness of

at which drops off steeply with increasing distance
o)

Chicxulub Crater, K/T Section Stop - Jennifer Grier and Nancy Chabot

52 1



-

]

-

T
N 90°W
0 200 km CHICXULUB
 — CRATER CENTER 106 trilllon
-~ -
¥ aHpR ~ 10 trillion =
!y b/a E.Z.' s =
{7/ &= 1trillion = =
I _~HOLBOX ) e T iSEs
! I\ FRAGTURE ZONE S 100 billion 5z =32
3 2 S E
* 10 billion = el
3 e =
. - 7 £ =
2N g &2 1 villion = = z
GULF OF g = 2 = H
MEXICO rfl 2 100 million 2 @ 5
CARIBBEAN g =z
SEA S 10 million oy S =
3 E = E]
MEXICO @ 1 million = & £
= a :
|t S 100000 £ E Z
| LALIBERTAD 2 " = -
| =
N = 10,000
N\ ARCH
it 1,000
Jf
S ey Figure 5. The energy of the K/T boundary impact event compared to
,’ GUATEMALA // HONDURAS several other geologic events and nuclear explosions, IllClll(!l{l]; Bravo, the
£ : Z United States' largest nuclear test explosion (DOE, 1991; Friedman et al.,
it : . s . ; ] . : T 2
Figure 1. Map showing the location of Albion Island, Belize, with 1981; Bullen and Bolt, 1985; Morrison. 1992).
respect to the buried Chicxulub impact crater and other geological
structures of the region. Dashed circles represent proposed crater diam-
eters: (a) 180 km (Hildebrand et al., 1991; Pilkington et al., 1994),
(b) 240 km (Pope et al., 1993), and (¢) 300 km (Sharpton et al., 1993).
0 km 200 km
(Basin Rim|

0 km

vt oo Cole L abbrity
spetasoe tsenononeney
oaucoo,&oneooaﬂn 00000000 P0L0
ststataenelonbyoaiat tntaftsdeanoy
obooepevesoboflockococnc foP0doColodo
R I e Ty T
© eanognooaoo?‘na eopecocac eoood oo
kY T absfaeptapatnonge taege ¢
Vo000 ooonoaﬂﬁuﬂﬂuo=ﬂwnnonaoﬂ ePooofg 73
LR fvtatatntatadotbiobacatacfonog ot LT LTI
fodo foPolololo0aPodboobororodpoapgL Bl LTI LI LOr T Oy
tabs Satatabatndnogtfpoenbacacnege RS fS BRI T
(2] 00ce 0ococe0ed000lo o og#z:Uppe[KCarbunaies,l f ot
ats (R Gatutabataoney z T3 =
Co000 ceco 0006060000000k =
- \t‘l\r{ [EERY M EALL AT AR - T
C00P000000b0oPePoP0l0babedo ceoo Dnonﬂom#“! 2T
0} ) R s als ] . LR LR} MARRRAY oy Saried ™
¥4 a4 242 4t s original profile 3 code 00000 of LTI 7
(XY ° AT EN LY [ELEY MBS e e e
0Polad0ba e@o 00000l LLLTLTI, e
Stata ANy LLEY T Ty oy Ly Tt
et oP ot ete o0 o prr L P e T Ty 7
ePolevere o6 oL A T LT, 15
ce0po0s0e bo0 o S e e s £ R G £
P O Y & ey e g rn B
+ ¢ Chicxulu R e e Son ey e g 7L e
e 3 it 8 e el B RS Te e e et e e e
s+ Breccia Ry S s Bertey et
¢PoPovore oo e e Ven S B o s 8 s s L Tt
shatabets . o e Y S ST T AR e T ik
2 km ofabo :' :‘ i Pty P et e oot L
LY . B et par s e e et MARARA
n seastotod {5 s B S ARAANANAR
YesEnaney o T T r e AAAAAAAAAAAAAAAAAAYANAAANARNA
a6o0ob0oo e Sy AAAANAAAANAARAAAAAATANAAAAARA
R (XY . O T S el o A e "AAAAAAAAALAAAAAAAAA
e0o ° I3 S P ererd S ".A:Anhydnle NAAAAAAAAAAAAAAAA
ey Y T e IR T A A A AL ANAANAAAAAA
ofo ° N s
ALR] -
coe °
L) . £
el © "AAAAANAMNMSL
- - boansaan (
°© a
* .
b °
- -
© © g
% L] AAAAAAMAALANY G
o B AAAAANAARAA AAAAAAAAAAAAAIAAIAANNAA
5 AIMAAAA AR AAAAAAAAAAAAAAANAA A AAAAAA
AN AAAAAAAAAA -
Basement Complex
12

Figure 5. Schematic model of the Chicxulub impact basin that we derive from the analysis in this chap-
ter. This simplified cross section shows the generalized present-day configuration of the crater consis-
tent with geophysical data and well information. Erosion at the time of impact could rearrange the
upper crater units significantly and reduce crater topography. Original profile shown as dashed line is S 3
reconstructed from the generalized topographic profile of the 270-km Mead Basin on Vere (Iig. 6).



20MT _ 40 MT
Distance Area Distance Area
(km) (km?) (km) (km?)

Coniferous forest

100 trillion = Severe damage 144 £29 651 =261 189+ 38 1122 + 449
E Moderate damage 17.9 + 3.6 1007 =403  23.6 = 4.7 1750 + 700
E 10 trilllon }=
2 - N 5 = Deciduous forest
& g ltrillion = g = 2 Severe damage 189 %38 1122 449 248 +50 1932 + 773
g = A s - = Moderate damage 21.1 £4.2 1399 + 559 27.6 +5.5 2393 = 957
- 100 billion }= = —
5 g 2 dg:F .,
s = ;  E 8 32 1 & :
= o l0billlon E 5 53 2 = b = - = : ~
e L v ac B e o les _20MT__ _ AOMT
[T ey = o o - £ =
= & 1billon E 5 23'; = =] ] E Biological = Effcctive 'cak  Radial Area Radial Area
.g = L B~ = = 5} = Elfect Overpressure Distance  (km?)  Distance  (km?)
@ S 100 million | & = g 2 (psi) (km) (km)
- >N : © [ = =] i — - —
n'g  10million £ 2 — = Lung Damage
8 5 pas -2 C Threshold 8-15 6.5-9.3 130-270  81-11.7 210-430
o £ HElinaE RS Severe 20-30 49-59  75-110  62-74  120-170
— C
100000 | )
gh - Lethality
10,000 = Threshold 30-50 3849 45-75  48-62  72-120
50% 50-75 3.2-38 32-45 4.1-4.8 52-72
%o 5-115 1-3. 3-3 A-41 37-52
Figure 8. The rate at which SO, vapor is added to the Earth’s atmosphere 10 75-11 27-32  23-32 3.4

during the Chicxulub impact and several other geologic events. The first

TABLEA. Estimated casualties for randomly oriented
estimate for the Deccan Traps assumes volcanism occurred over a 600,000
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from the crater’s center. The thickness of the layer
as a function of distance is shown as a figure (Kring,
1993) at the end of this handout. The upper,
generally thinner layer is composed of the high
energy ejecta, ejecta which rose high enough through
the atmosphere to be distributed globally. Modeling
results showing the local distribution of the low
energy ejecta and the global distribution of the high
energy ejecta are also shown as a figure (Durda et
al., 1997) at the end of this handout. The modeling
shows the distribution of these two layers is not
strongly affected by the incoming angle of the
impactor.

Our site in Baja is about 3500 km from Chicxulub
crater, so at this location we would expect to see both
the low energy and the high energy layers at the K/T
boundary. The expected thickness of the layers can
be gotten off the previously mentioned figure from
Kring (1993) and would be around 2 cm (with some
large error bars on that number). So, if we could/do
find the K/T boundary we would expect a thin layer
over a thicker layer on the order of 2 cm thick.

Now, if we took this boundary home, and examined
it in the lab, these are the sorts of things we could
find:

The Iridium Anomaly

The high concentration peak of Ir at the K/T
boundary was the first discovered evidence of an
impact event. This peak is shown for a site in Italy
as a figure at the end of this handout (Alvarez,
1987).

Why does a high peak of Ir indicate an impact event?
During Earth's differentiation, siderophile elements
(like Ir) would have been carried down to the core,
and consequently, these elements are very rare in the
crust today. However, in a relatively primitive
impacting body, these elements would not be
depleted. If such a body hit the Earth, it would
deliver this peak of Ir. At the K/T boundary, the
Ir/Au, Ir/Os, Ir/Pt, and Ir/Pd ratios are within a factor
of 2 of these same ratios observed in meteorites.

Shocked Quartz

For some, shocked quartz is "the principal diagnostic
criteria for identifying impact events" (Kring, 1993).
There are currently only two types of events that
have been found to produce shocked quartz: impact

events and nuclear explosions. Shocked quartz has
been found in the K/T boundary layer at sites all over
the globe (Bohor et al., 1987).

A set of three photos of quartz is shown at the end of
this handout (Kring et al., 1994). The first two are
shocked quartz and the bottom is unshocked. As
shown by this photo, the shocked quartz typically
has a set of planar shock features. The planar
features can be actual fractures, which are unfilled
and widely spaced. The planar features can also be
more closely spaced and filled with silica glass; such
features are called lamellae. Either feature, though it
is planar, is not an indication of the shock direction
but rather a result of the crystal structure. By noting
which crystal axis corresponds with the planar shock
features, rough constraints can be placed on the
energy associated with the shock since different
crystal axes have different strengths.

Impact Melt Spherules

For a large impact, the Earth's crust can melt, and
molten droplets may be ejected from the crater.
These molten droplets rain out as what we call
tektites or impact melt spherules. Impact melt
spherules can comprise a significant portion of the
low energy ejecta at some sites near Chicxulub
crater. A photo of such spherules recovered from a
site in Haiti is shown at the end of this handout
(Kring, 1993). As can be seen in the photo, the
spherules are roughly 1 mm in diameter and
generally have characteristic spherical and elliptical
shapes. Similar forms are observed at strewn fields.

Soot

Boundary clays from 5 sites in Europe and New
Zealand show 2 to 4 orders of magnitude enrichment
in elemental C (Wolbach et al., 1988). The high
concentration of elemental C is mainly in the form of
soot, which only forms in flames and has a
characteristic "grape bunch" morphology. The other
form of elemental C is irregularly shaped, platey, or
pitted coarse carbon and is presumed to be charcoal
which can form at lower temperatures. This increase
in elemental C and soot coincides with the Ir peak.

The fact that the soot is correlated with the Ir peak
and not on top of the Ir peak suggests that significant
fires were ranging even as the Ir peak was being
deposited. This is soon after the impact and earlier
than some think fires would have started since living
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trees do not burn well. The global amount of C
represented at the K/T boundary is very large and
would correspond to about 10% of the present
known biomass C. In present-day fires, soot yields
are only about 1% of the total consumed C.

Amino Acids

At a site in Denmark which has a high Ir
concentration, two amino acids have been reported:
o-amino-isobutyric acid (AIB) and racemic isovaline
(ISOVAL) (Zhao and Bada, 1989). Both of these
amino acids are very rare on Earth but major amino
acids in carbonaceous chondrites. The amino acids
were found within 1 meter of the Ir anomaly/
boundary clay. However, the amino acids weren’t
detected in the boundary clay itself. The table below
summarizes their data (all in ng/g).

Location Ir AIB ISOVAL
+2.7m 0.01 <0.2 <0.2
+1.2m 0.01 <0.2 <0.2
+0.3 m 0.4 200 50
K/T 87 <0.2 <0.2
-0.5m 0.03 350 120
-1.0m 0.03 37 20
-2.2m 0.03 <l <l
-2.6m 0.03 <0.2 <0.2

Zhao and Bada state that maybe the amino acids
diffused out of the boundary clay. Others wonder
how amino acids could survive the impact at all and
postulate that perhaps the Earth swept up comet dust
before and after the impact to explain the strange
distribution of amino acids at the boundary. The
AIB/ISOVAL ratio at the boundary agrees with the
observed ratio in Murchison, however, the inferred
AIB/Ir value at the boundary is about 100, compared
to a value of 20 for Murchison. Most likely, the
impactor would have had even a higher AIB/Ir ratio
than this since at least a portion of the amino acids
would have been destroyed during the impact.

Extinction Evidence?

The fossil record suggests there were numerous
extinctions 65 million years ago, an age that
correlates with the K/T boundary layer. However,
does the boundary layer itself show any such
evidence? A figure (Alvarez, 1987) at the end of this
handout shows the same Ir anomaly at a site in New
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Mexico. On the right side of the figure, the
measured pollen/spore ratio is plotted as a function of
the same stratigraphic depth as the Ir abundance.
Within a cm of the same location as the Ir peak, the™
pollen/spore ratio shows an equally sharp drop. At
this site in New Mexico, 1 cm is believed to
correspond to about 140 years. This data suggests=
plant life felt the effects of the K/T event.
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Figure 1. Distribution of (a) low-energy ejecta and (b) high-energy ejecta following a vertical impact at the site of Chicxulub
(62.26 W, 25.56 N 65 Ma). Figure 2. Distribution of (a) low-energy ejecta and (b) high-energy ejecta following an oblique
impact with a trajectory from the southeast at an angle of 25° above the surface. Most of the mass is in the low-energy ejecta, so
the particle densities in (a) and (b) are not directly comparable in terms of mass. In addition, we did not attempt to simulate the
instabilities in the low-energy ejecta that can produce hummocky distribution of material or rays.
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The K/T extinctions in the Paleontologic record:

debate and controversies
Elisabetta Pierazzo

The ultimate source of the data used to analyze mass extinctions are local outcrops and cores. The general
experimental procedure is to locate fossiliferous horizons in a section, collect fossils from each horizon (or at constant
intervals) and then remove the collection to the laboratory, where fossil identification, their abundances, and other
analyses are conducted. In nearly every ecological setting, living and fossil, there are a few abundant species, a few
more common species, and a large number of rarer species. The consequence of very uneven species abundance for
paleontologic sampling is that large numbers of species actually preserved in most fossiliferous horizons will be

missing from any collection.
100
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A. Species abundance curve showing that the majority of species are represented by few specimens even in a very large collection (from Koch,
1978). The widths of the histogram bars increase geometrically with abundarce. B. Cumulative histogram of occurrences of rare species among 578

collections of mid-Maastrichtian molluscs from the Adantic and Gulf Coastal Plains of North America (data set 9 of Koch, 1987). More than haif of
the total species occur in fewer than 1% (5 of 578) of the collections.

Number of species
2
Cumulative number of species
o

Collections immediately below an event horizon will contain only a few of the rare species found lower in any
stratigraphic section, even if all survived up to the bio-event. The range of a taxon is usually given as extending from
the first occurrence to the last occurrence, regardless of whether or not the taxon occurs at each imtermediate
stratigraphic level. Because the last sample occurrence of some rarer species will occur below the bio-horizon at
which the species actually disappears where taxa persist after their last known occurrence in the fossil record, the
range will consequently be artificially truncated (Signor-Lipps effect).
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1. Stepwise extinction pattern observed when the mollusc data of Bryan and Jones (1989) are plotted as species ranges toward the K/T boundary

(P.B.=Prairire Bluff). 2. Expected stepwise extinction pattern for 100 species ranging towards a sudden mass extinction event if sample sizes for the
youngest three levels are equal. 3. Expected stepwise extinction pattern for 100 species ranges towards a sudden mass extintion event if the sample
sizes for the youngest three levels are the same as those used for the data of Bryan and Jones (1989).
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Fig. 3. Effects of improved sampling on artificial range trunca-
tion. If sampling was consistent but not thorough in each of four
hypothetical time intervals the apparent diversity could appear as
illustrated by curve a, despite the constant diversity in all four
time intervals followed by a catastrophic extinction after time 4.
Improved sampling, illustrated by curves b (twice the sampling
hypothesized by curve a) and ¢ (three times the sampling of a)
improves the match between apparent and “actual” diversity. Dif-
ferent sedimentary sections must be assessed in a similar way. We
expect nearshore marine and terrestrial sections to be farther from
actual diversity (s or b) than the decp sea plankton record (c). for
example.
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The controversy between sudden and synchronous vs. gradual or stepped extinction.

Smit, in T. Gerhels (Ed.) Hazards due 1o Comets and Asteroids, 359-878, 1994. 3
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Keller et al., Palaeogeog., Palaeoclimatol., Palaeoecol. [19,221-254, 1995
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Blind tests. An effort to settle the debate between sudden and gradual extinction in the marine realm was carried out
few years ago. A series of blind tests were performed by four micropaleontologists (X. Orue-extebarria, Univ. Pais
Vasco; R.K. Olsson, Rutgers Univ.; B. Masters, Sapolpa, Oklahoma; J.I. Canudo, Univ. Zaragoza) on six (coded)
samples from the El Kef section, Tunisia. The results of the blind tests werer presented at the Snowbird III conference
(1994), in Houston, TX, by they did not seem to settle the arguments as hoped. Keller et al. (1995) maintains that the
fact that each analysis shows disappearances before and after the K/T boundary, in agreement with her work, is an
indication of a gradual, or stepped, extinction. However, according to Smit (Nature 368, 809-310, 1994), because of
the Signor-Lipps effect, each individual analysis show disappearance of (rare) species both before and after the K/T,
but when lumped together they do not demonstrate any real disappearance before the K/T boundary. Indeed, all the
seven species that Keller et al. (1995) claim to disappear before the boundary are found by one or another of the blind
tests investigators closer to the boundary.
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Vertebrate extinctions. The terrestrial vertebrate fossil record across the K/T boundary is far less complete than
that of marine microfossils. Dinosaurs are undoubltedly the most spectacular of the various living beings that become
extinct at the end of the Cretaceous, but they represent only a small percentage of vertebreate species that were extant
during the latest Cretaceous. Globally, only aobut 2100 articulated specimens indentifiable to genus of dinosaur have
been collected , spanning an interval of 160 Myr. Because of the incompleteness of the fossil record of dinosaurs,
short term trends in diversity, on the order of few Mry, are very difficult to assess.

New view of avian evolution. Srantarnithines (0pccsite Sircs) were the
Comnant 'angoircs of ne Mesazcic Sul ccexislied with modern-type
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Sauriurae. Aher tne lale Cratacecus extinctions, the ormitnurine Sirds ce-
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within a penog of 10 or so miilion years. By the Miccene. zasserines ce-
came the precominant lancoirgs. Siihouettes not (o scaie.

637

AP\



Dinosaur Extinction

ALBERTA GARFIELD & LANCT CRITX

Sloan et al., Science 232, 629-633, 1986
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Table 2. Number of dinosaur specimens per square kilometer of ~ Fig. 1. Ages, phyletic relations, and stratigraphic occurrence of Late
outcrop per 9 m interval of stratigraphic section (exclusive of — Cretaceous dinosaurs in Alberta, Montana, and Wyoming. The left portion of
washing localities. the diagram shows the stratigraphic occurrence of the dinosaur faunas, their
relaton to the adjacent ammonite zones of the Bearpaw Shale and the

Stmao- Number e Dino- overlying Paleocene rocks, a time scale, and a magnetochron scale. The
graphic of dino- £ o saurs asterisk indicates 2 radioactive date. Solid bars indicate presence of agenus of
interval saur skel- P ed per dinosaur, and narrow connecting lines the inferred presence or ancestry.
below ctons or Pck:tn:/ squarc Right-hand graph shows percent of Judithian dinosaurs surviving,
Z coal large (9 m) kilom- Sedimentation rater are in Benioff (B) units.

(m) bones eter

0-9 6 4.18 1.44*

10-18 13 4.18 31

19-27 9 3.93 2.29

28-36 14 2.76 5.07

3745 4 2.31 1.73

46-54 6 2.42 2.48

*The prospecting success in the highest level differs
significantdy[x° gtcs:, P < 0.05] from the combined
others, holding the observed areas and torl number of
specimens constant. The highest level was thought from
other evidenee (3) to show a decline in dinosaur abun-
dance.

Sheehan et al., in The Cretaceous-Tertiary Event and other Catastrophes in Earth History, 477-489, 1996
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TABLE 17.1 PROPOSED CAUSES FOR THE EXTINCTION OF THE DINOSAURS
(after Benton, 19590)

. PROPOSED BIOTIC CAUSES

A. Medical Problems
1. Slipped disks in the vertebral column causing dinosaur debilitation.
2. Hormone problems.
a) Overactive pituitary glands leading to bizarre and nonadaptive grawths.
b) Hormonal problems leading to eggshells that were toc thin, causing them to collapse in on
themselves in a gooey mess.
. Decrease in sexual activity.
. Blindness due to cataracts.
A variety of diseases, including arthritis, infections, and bone fractures.
. Epidemics leaving no trace but wholesale destruction.
. Parasites leaving no trace but wholesale destruction.
. Change in ratio of DNA to cell nucleus causing scrambled genetics.
9. General stupidity.

OO L BE W

B. Racial Senescence — This is the idea, no longer given much credence, that entire lineages grow old and
become “senile” much as individuals do. Thus, in this way of thinking, late-appearing species would not be as
robust and viable as species that appeared during the “early” and "middle” stages of a lineage. The idea behind
this was that the dinosaurs as a lineage simply got oid and the last-living members of the group were not com- v -

petitive for this reason. . i/ -
y Lo T Wier - e

C. Biotic Interactions
1. Competition with other animals, especially mammals, which may have out-competed dinosaurs for niches, The real reason dinosaurs became extinct —

or which perhaps ate their eggs. The Far Sice cartoon by Gary Larson is

2. Overpredation by carnosaurs (who presumably ate themselves out of existence). reprnted by permssion of Chromce Features,
3. Floral changes. San Franasco, CA. All ngnts reserved.

a) Loss of marsh vegetation (presumably the single important source of food).

b) Increase in fnrestal:mn (Ieadlpg lg loss of dinosaur nabl_tats). ] E XT WCT[ON £ Hie DINO SH URS
c) General decrease in the availability of plants for food with subsequent dinosaur starvation.
d) The evolution in plants of substances poisonous to dinosaurs. FU LLY EXPLH INED
e) The loss from plants of minerals essential to dinosaur growth, S ’é&%
TEOR %Z,L
Il. PROPOSED PHYSICAL CAUSES BooK, (2nd sHoT 3 :
DEPOSITORY THEORY)
A. Atmospheric Causes ‘L METHODICAL
1. Climate becoming too hot, so they fried. KILLER J
2. Climate becoming too cold, so they froze. _—| INADEQUATE wgﬁsg‘!’ED -
3 . Climate becoming too wet, so they got waterlogged. E E_ N&Uxm.zs SNAP
4. Climate becoming 100 dry, so they desiccated. - E
5. Excessive amounts of oxygen in the atmosphere causing 2 =
a) Changes in atmospheric pressure and/or atmospheric compasition that proved tatal; or o] ﬂrﬁﬂjffgg 1
b) Global wildfires that burned up the dingsaurs. :
6. Decrease in the amount of oxygen in the atmosphere affecting the breathing capabilities of dinosaurs _, CELLULITE
7. Low levels of CO; removing the “breathing stimulus™ ot endothermic dinosaurs. 'E' é : a EARLY AAAMALS l
8. High levels ot COz asphyxiatng dinosaur embryos. @ EATING DINQSAUR,
9. Volcanic emissions (dust, COz, rare-earth elements) poisoning dinosaurs one way or another. < S < £das d

Drawing oy O'Donneil ©1592
The New Yorker Maganne. Inc.

B. Oceanic and Orographic Causes

1. Manne regression producing !oss of habitats.

2. Draining of swamp and lake habitats.

3. Stagnant oceans producing untenable conditions on land.

4. Spillover into the world's oceans of Arctic waters that had formerly been restricted to polar regions, and
subsequent climatic cooling.

5. The opening of Antarctica and South America, causing cool waters to enter the world's oceans from the
south, modifying worlid climates.

§. Reduced topographic relief and loss of habitats.

“natcreis kimga
P
mgokes you luos fat

C. Other
1. Fluctuations in gravitational constants leading to indeterminate ills for the dinosaurs.
2. Shift in the earth's rotational poles leading to indeterminate ills for the dinosaurs.
3. Extraction of the moon from the Pacific Basin perturbing dinosaur life as it had been known for 160 mil-
lion years(!).
4. Poisoning by uranium from the earth’s soils.

D. Extraterrestrial Causes

. Increasing entropy leading to loss of large life forms.

. Sunspots moditying climates in some destructive way.

. Cosmic radiaticn and hign levels of ultraviolet radiation causing mutauons.
Destruction of the ozone layer, causing (3).

lonizing radiation as in (3). ) |
Electromagnetic radiation and cosmic rays from the explosion of a supernova. - ——
. Interstellar dust cloud.

. Oscillations about the galactic plane leading to indeterrinate ills for the dinosaurs. ©OUsec by Permission Hasmarx Cares, Inc., 1991,

. Impact of an asteroid.
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Our Nemesis
Eric Wegryn

Geology and biology are intimately linked through natural history. The same
strata that contain the record of the geologic development of our planet also contain
fossils which reveal the course of evolution of life on Earth. Many of the boundaries
in the geologic calendar correspond to significant changes in the fossil record, as
contained in the geologic strata. The obvious question is, What determines these
boundaries?

In a now famous 1980 paper, Luis and Walter Alvarez! advanced the theory
that the mass extinction event separating the Cretaceous period from the Tertiary
was caused by a large body impacting on Earth and severely altering the climate.
This led to one of the largest dyings in the history of life on Earth, which was then
followed by the flourishing of previously minor species of plants and animals (most
notably the mammals).

But this event (whatever its cause) is only the most recent case of such a major
extinction. The fossil record reveals many such occurrences of relatively sudden
mass dyings, to a greater or lesser extent.

In 1984 David Raup and John Sepkoski? reported finding a strong periodicity
in the extinction record from the end of the Permian period to the end of the
Cretaceous (covering about 250 million years). They cited 12 large extinction events,
10 of which correspond very well with a 26 million year period.

802 Evolution: Raup and Sepkoski

70 ]
50 -
S 30 ]
o 20 1
= \
h —
> 10
fo—
= 50 i
&
(78]
Q.
2 DSA]LCINRIHISIPT: B [BICIO[KIT]BIVIHIBIA] & [CITE, C [Mfr akae SO ™ P
PITRIASSIC] . JURASSIC i | CRETACIZOUS | :I'ERTIARY
250 200 150 100 50 0

GEOLOGIC TIME ({10°YR.)

FiG. 1. Extinction record for the past 250 ma. Letter codes (bot-
tom) identify stratigraphic stages. The best-fit 26-ma cycle is shown
along the top. The relative heights of extinction peaks should not be
taken as literal expressions of extinction intensity because the ab-
sence of extant taxa exaggerates the heights of younger peaks.



Marc Davis, Piet Hut, and Richard Muller3, inspired by the Alvarez's theory
that the K/T extinction was caused by a large impact event, quickly suggested that
the periodicity of extinctions could be explained if there were some astronomical
‘phenomenon which could significantly increase the number of potential impactors
reaching Earth with a 26 million year period. They postulated a small dark
companion to our Sun, which they dubbed Nemesis., (Steven Jay Gould* suggested it
be called Siva) which could conceivably perturb cometary bodies in the Oort cloud to
fall in great numbers into the inner solar system, showering the planets.

Other studies have shown evidence of a similar periodicity (~28 million years)
in the cratering record on Earth (and on the Moon?). However, conclusions based
upon crater counts are always vulnerable to the assumptions that were made about
the cratering rate as a function of time, and the inferred period must be viewed with
a skeptical mind.

There are other difficulties too, of course. Raup and Sepkoski were criticized

for their method of calculating extinctions, which included counting extinctions only
at the taxonomic family level (extinction of a family implies the extinction of every
species in it, and is thus much more severe), and disregarding all currently existing
species, to enhance the signal of extinctions in the fossil record. Many other scientists
have taken the position that the signal of extinctions in the fossil record is very weak,
and cannot easily be separated from the noise of the background extinction rate.
' Raup points out however that the mass extinction events "cut across
functional, physiological, and ecological lines . . . In other words, extinction is
physically rather than biologically driven."> If the periodicity is real, then some
physical process with a period of tens of millions of years needs to be forwarded to
account for it. Although there are some geologic, ‘geochemical,® and climatic
phenomenon with time scales of this magnitude (e.g. tectonic plate movements and
Milankovitch cycles), astronomical phenomenon are more likely contenders for
causing the extinction of large numbers of species. Theories invoking the passage of
the solar system through the plane of the galaxy (its epicyclic motion) or through the
spiral arms have been advanced, but do not seem to provide answers any more
convincing than the Nemesis theory.

However, a fairly thorough search for a solar companion has been conducted,
and has not yielded any positive results. An object orbiting the Sun with a period of
26 million years would have a semimajor axis of about 88,000 A.U., or 1.4 light years.'
If one existed, it should have shown up in infrared surveys.
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So is there really a periodicity in mass extinctions, and if so, what is the cause?
The answer does not seem to be convincing either way.

In their 1984 paper, Davis, Hut, and Muller expressed the concern that "if the
companion is not found, this paper will be our nemesis.” Whether or not the
periodicity is real, it has provoked a useful and insightful scientific investigation. But
it also reminds us to beware of that all too tempting practice of geologists: wild
speculation.
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Algal Mats, Stromatolites, and Microbial
Scum: Microbial Lifestyles of the Rich and
Slimy

barb cohen and david trilling

What is an algal mat?-------—-ccceeeeeoo_

A layered community of microbes (prokaryotes and eukaryotes) which
survives interdependently. Algal mats are typically found in
extreme environments where the “grazing stress” is small.
Algal mats are BIOLOGICAL ENTITIES.

Intertidal flats are common places to find algal mats. Cyanobacteria are
the principle microorganisms involved.

Algal mats are typically centimeters thick, but can grow to half a meter!

The microbes have to be in water to survive -- but not water that’s too
deep! Hence, an evaporite flat, where the water level changes by
only a few centimeters in each tidal cycle, is a good
environment.

What is a stromatolite?--------ccooeeeeeeee

A stromatolite is the STRUCTURE CREATED by an algal mat. Algal
mats trap sediments between the layers, and these sediments are
compacted into physical (geological) structures called
STROMATOLITES. STROMATOLITES are
ORGANOSEDIMENTARY STRUCTURES.

Why do we care? Why play with the scum?------------

Algal mats -- or their cousins — have been around a LONG
time. The WARRAWOONA STROMATOLITES are 3.5 billion
years old, the OLDEST KNOWN FOSSILS (inferred
fossil structures). So we care about them when we
care about origins/evolution of life.

We also care about fossils and rocks on earth (see later pages). The

proterozoic was the age of cyanobacteria. There’s also the origins
and history of life connections.

F0
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How do algal mats work?

Layers of microbes.

o top layers = cyanobacteria of various colors

o next layers = phototrophs (anoxygenic) bacteria
e remains of phototrophic organisms

o perhaps non-photosynthetic sulfide bacteria

o the bacteria are sitting on aragonite

In between the layers are sediments which are
trapped by the layers. The sediments provide
structural support for the communities; the
sediments are also what is preserved in
stromatolites.

Layers (species) interact. There is migration of species
within the mat, depending on irradiation and
oxygen content. Guys on top shield guys in the
middle from (to them) harmful radiation. And they
all (together) trap sediments which keep the mat at
a healthy distance near the surface of the water.

Bottom layers are compressed and decompose. The entire
column keeps approximately constant thickness, as
sediment is trapped and the bottom layers
compress. Growth rates are 5-10 mm/yr.

Hypersaline environments tend to chase away many
predators, although friendly to some predators
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The origins connection

Microbial mat style of living is very old. The idea is that
this kind of microbe living may represent this planet’s
first “attempt” at ‘multicellular” life. In other words,
here are communities made of single-celled organisms
which mutually benefit each other.

Mat communities are ubiquitous throughout the history of
the earth, so that we can study present mats and learn
about lifestyles throughout earth’s history.

Environmental effects. It has been suggested that microbial mats were
(in part) responsible for oxygen build up in the atmosphere

Frg 20 Scanming clecron mucrnscapy (SEME and mransimission electron microscopy (TEM
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As the organisms die, their cells are filled with the
precipitating on them and are preserved as microfossils.
outside structures hold up to the recrystallization process. As the

aragonite and fossils are metamorphosed or further
(aragonite=calcite), the fossil cell structure is lost.

are abiophoric, meaning they lack preserved micr
B, D: closeups of thin sections show preferential preservation of
sheaths and absence of preserved intracellular material. F: calcite
Entophysalis
Only outer sheaths are preserved
J: Poorly preserved radiating fabric of

granules

aragonite

recrystallized
Stromatolites

aragonite.
permineralized by aragonite.
well (o, arrow).
Entophysalis.

Many different types of microbes can live in the algal mat
setting. The top layers are usually cyanobacteria, or
photosynthetic ~ prokaryotes  (Microcoleus  chthonoplastes,
Lyngbya  aestuarii, Oscillatorin  lloydiana,  Oscillatoria
longearticulata). The middle layers are anoxygenic,
phototrophic bacteria like Chloroflexus, which use the light
filtered out by the top layers.
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The Planetary Connection:

Stromatolites as paleoindicators of geologic change

A AA— A AN NN A At
S = i ~ S~ = G

Stromatolites are the most common and long-ranging fossil in the
geologic record. They were favored in the Precambrian when there
was not a lot of land mass for things to live on, and organisms probably
didn't deal well with UV radiation yet. Algal mat communities
flourished in an environment where a few cm of water attenuated UV
radiation but allowed photosynthetic light in. Not a good index fossil,
as they occur all throughout record without much morphological
change, and are abiophoric (lack preserved microfossils). Workers
who try to figure out paleoclimates from stromatolites look for form
changes, or chemical indicators (alkanes, fatty acids, pigments) to tell
if they are dealing with organic fossils.

In theory, stromatolites can be used as paleontological clocks. If they
record the length of the sidereal day, you can extract the speed of
Earth’s rotation. If they record synodic month, you can get the
evolution of the Moon’s orbit. In theory. Diurnal laminae are common
but not continuous. Seasonal variations sometimes show a better
degree of completeness, but still not very reliable. The highest level of
stromatolite growth indicates local tidal high (Cloud extrapolated this
to the Earth-Moon distance, got the Moon's "closest approach" to
Earth in mid-Paleozoic, result disputed). To be a good paleoindicatior
of this sort, need four things: ®be aqueous, quiet water, some
physiochemical parameters vary regularly with daily fixed
frequencies;® be affected by tides but not by strong storm waves;® be
populated by microbes with diurnal growth and which cause
precipitation of a preservable layer;® be lacking in other biological
systems which are disrupting.

-+
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Archean Earth and Early Life
conducted by James Head
The Archean Age

The beginning of the Archean is defined by the earliest known rocks, and thus the absolute
age of the Hadean/Archean boundary changes. Currently, the oldest known rocks are
gneisses from the Slave Province in Canada that date to 3.96Ga. These rocks are described
by Bowring and colleagues in Geology in 1990. The end of the Archean occurred
approximately 2.5Ga ago. The Archean/Proterozoic boundary is marked by a distinct
difference in the degree of differentiation of crustal rocks, in the sense that Proterozoic and
later rocks appear to derive from crustal sources while Archean rocks derive directly from
the mantle.

Nature of Life

During this time, life appeared to be comprised strictly of prokaryotes, id es, organisms
whose cells lacked a nucleus. The oldest known fossilized organisms date to 3.5Ga.
There is circumstantial evidence of life as ancient as 3.8Ga. This result is based on the
apparent fractionation of the stable isotopes of carbon in a sense that is indicative of life.
This was the era when green slime ruled the earth.

Climate

The climate during the Archean was temmperate. Liquid water was present on the surface.
Data supporting this view include the occurrence of Archean sediments or metasediments
and the existence of life. Our presumtion still is that life requires liquid water. Stable
isotopes of oxygen and carbon are used as paleoclimate indicators, but I've not heard of
their use in this context--the appropiate rocks are unlikely to exist.

Atmosphere

The atmospheric composition was quite different from today. There was little if any
oxygen and there must have been some greenhouse gas, probably CO,, in abundance.

There are many lines of evidence suggesting a lack of O, in the atmosphere at this time.
Redbeds (highly oxidized rocks) do not appear until the end of the Archean. If the
atmospheric was oxidizing during the Archean, redbeds should appear throughout the era.
Banded-iron formations (BIFs) appear during the latter part of the Archean. The formation
of these massive beds require Fe to be dissolved in the oceans, requiring reduced
conditions.

The atmosphere must of had a significant greenhouse component due to the implications of
the well-known faint early sun paradox. The sun should have been 25-30% dimmer than it
is currently. The present atmosphere under those illumination conditions would result in a
global deep freeze. Since we have evidence for water early in earth history, there must
have been a stronger greenhouse effect than there is currently (unless the stellar evolution
models are significantly flawed). A ten-bar CO, atmosphere has been advocated (Kastings’
work) to warm the earth. However there are advocates of a significant contribution from
methane. Kastings discussed methane production in the presence of a thick CO,
atmosphere during his colloquium last semester.
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The Archean Crust

This g discussed extensively in the text by McLennan and Taylor, particularly Chapters 5,
7, and 10.

The distribution of known surviving Archean terrains is shown in Figure 1. They
comprise about 30% of the current continental crust. The very oldest rocks are in Isua
(Greenland) and Slave Province (Canada). Studies of the Archean crust suggest that it was
similar in thickness to the current crust, contrary to some expectations. It is clear the
Archean crust was less differentiated than the current crust. The Archean crust is
sonll(ewhat depleted in most incompatible elements compared to the more recent crustal
rocks.

The growth of continental crust is a subject of vigorous research and contention. It is very
difficult to estimate crustal groth by balancing continental crust formation rates with erosion
and recycling. These are hard to measure and the erosion rates certainly been influenced
anthropogenically. A summary of continental growth models is shown in Figure 2.
Everyone agrees that at the beginning there were no continents and that all growth models
must converge on the currently observed mass of continental crust. The two present camps
are referred to as “fast growth” and “slow growth,” (in Arizona I guess these would be
Republicans and Democrats).

The slow growth camp (Ross Taylor, Scott McLennan et al.) note that there are very few
Archean rocks. They maintain that large amounts of Archean crust is not required to
explain the geochemical data, so they argue that there is no need to propose it. Some crust
did form 3.8Ga, but at most this amounted to 15% or so of the present continental crust.

The fast-growth camp (Sam Bowring ez al.) point out that the Nd isotopic data requires
extraction of crust from the mantle. Fractionation of Sm and Nd during crustal extraction
changes the Nd isotopic ratios in the crust and the depleted mantle. Examination of mantle-
type rocks in Greenland show such an effect to the same degree seen in much younger
rocks. The fast-growth camp argues that this means the entire mantle had this Nd signature
in the Archean and that therefore a mass of continental crust even larger than that extant
today formed early in the Archean. Slow-growthers counter that the data can be explained
by local postulating local depletions instead of global. Fast-growthers point out there are
similar data for rocks in Canada. I'd counter that the present day location of rock units
says nothing about their geometry 3.5Ga ago. There is widespread agreement that the
models represented by Hurley and Hurley and Rand are not tenable in light of K-Ar and
Rb-Sr data. The argument lies between the models represented by Taylor and McLennan
on the one hand and by Fyfe on the other. Currently, various research groups are re-
analyzing the Nd data to see if later metamorphic events could have influenced the
interpretation of the results.

The amount of continental crust, hence the area of the oceans, in the early Archean is a
controversial question. Credible estimates range from 15% to 130% of the present
continental crustal mass. Towards the end of the Arcean there is considerable convergence
of opinion and the esimates range from 90% to just over 100%.

For more strange graphs and odd equations about the continental crust, see Taylor and

McLennan (1985) The Continental Crust: Its Composition and Evolution, Blackwell
Scientific Publications.
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23] and McLennan & Taylor [24].
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BLUESCHIST METAMORPHISM

Windy Jaeger

OUTLINE

l. Introduction to metamorphism
A. What is metamorphism?
B. Brief history of how metamorphic petrology came about
Il. What are the 11 metamorphic facies, what characterizes them, and where do
blueschists fit into this picture?
A. P-T diagram showing the 11 metamorphic facies
B. ACF diagram showing a characteristic basalt mineralogy for each of
the metamorphic facies
lll. What is the environment in which blueschists form?
IV. Theories on biueschist exhumation
V. Franciscan Group
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FIGURE 15-7 ACF plots of common quartz-bearing mineral assemblages in
the metamorphic facies. Boundaries and conditions are the same as in Figure
15-6. Minerals plotted include andalusite (A), kyanite (K), sillimanite (Sill),
muscovite (M), mullite (Mull), grossularite (Gr), almandine (Alm), pyrope (Py).
orthopyroxene (Opx), clinopyroxene (Cpx), calcic plagioclase (Pl), epidote (Ep).
lawsonite (Lw), laumontite (Lm), pumpellyite (Pm), prehbnite (Pr), calcite (C),
aragonite (Ar), dolomite (D), wollastonite (Wo). actinolite (Ac), hornblende
(Hb), glaucophane (Gl), anthophyllite (Ath), talc (Tc), biotite (B), chlorite (Ch),
cordierite (Cd), pyrophyllite (Pph), and stilpnomelane (Stn). The beginning of
melting curve for water-saturated peraluminous granite is from Clemens and

Wall (1981).
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BRIGURE 13-30. Deformed
accretonary wedge rocks of the
Franciscan Group in Marin County,
California,
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Adventuree in Boradom
Ralph D Lorenz

Britain is almost devoid of spectacular natural phenomena of the active sort, and, on balance is
the pleasanter for it. An odd glacier or geyser here and there might not be unwelcome, but who

wants volcanos, earthquakes, typhoons, cyclones and the like?....... But we have the bore - that
relentless moonchild, the eerie wave that glides, sweeps and crashes its way upstream through
the lower reaches of the Severn when tides are high..’ Rowbotham, 1964

Shortly after the after the tide had stopped running out they saw something coming toward
them from the ocean in a long white line, which grew bigger and whiter as it approached. Then
there was a sound like the rumbling of thunder which grew louder and louder as the white line
came nearer until it seemed as if the whole ocean had risen up, and was coming churning and
thundering down on them, boiling over the edge of this pile of water like an endless cataract,
from four to seven metres high, shat spread out across the whole Eastern horizon. This was the
pororoca! Branner, 1884

A tidal bore is a wave propagating up a river estuary, heralding the turn of the tide. The bore,
unlike regular seaside waves, is essentially solitary (although is often followed by some
smaller waves) and the water level continues to rise after it.

A tidal bore is a direct analog in hydrology of a shock wave in aerothermodynamics: a
disturbance (the rising tide/Concorde) is being forced through a medium (the estuary/the air)
faster than the medium can allow a perturbation (a gravity wave/a sound wave) to propagate.
As a result, there is a sharp boundary (bore/sonic boom) across which the state properties of
the medium (depth/P,T) have a discontinuity.

The requirements for a bore are a high amplitude tide (thus typically in a resonant basin, like
the Bay of Fundy) and a shallow-sloped estuary, such that the projected high-water mark can
propagate rapidly. Some shallow seashores, e.g. that at Mont Saint-Michel in France, and the
Solway Firth in Scotland, have wall-like tides that, since they are not confined in a river, are
not strictly bores.

Some Tidal Bores with Cool Names

Chau Dau Tsientang, China

Pororoca Amazon, Brazil
Burro Colorado, Mexico
Mascaret Seine, France

Aegir/Eagre Trent, England
Bores in Literature
The bore-like tide in the Solway Firth is mentioned in Sir Walter Scott's Redgauntlet

The Trent Aegir is mentioned in The Mill on the Floss'
Victor Hugo's daughter was killed by the Mascaret.
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Things to do at Bores

* Fish - Arrival of the Pororoca was heralded by Cranes, presumably drawn to the fish brought
to the surface by the bore's turbulence. Baby Eels, similarly exposed to predation by the bores
brought on in spring tides, are a traditional Good Friday meal in the Severn estuary in England.
¢ Tube Rafting - see web pages below

* Surf - the Severn Bore propagates some 10 miles. At least one surfboard has been broken.

* Get a free ride upstream. In the Tsientang river, fishermen tie their boats into protected piers
to shelter against the bore; after it has passed, they release and are carrier upriver (remember
the tide continues to rise after the passage of the bore)

Where do Tides Come From?

Tidal forces are due to the radial differential in gravitational field strength. Simplistically,
the equilibrium shape of the equipotential surface on a spherical earth is ellipsoidal, with a
bulge towards and away from the Moon, with a height of 18cm or so (Isaac Newton took the
first stab at this, and obtained a figure of 9 inches).

NB the equilibrium tide essentially equates the horizontal component of (gravity-centrifugal
force) to the pressure gradient caused by the change in water level.

The Earth rotates under this bulge, so an observer fixed on the Earth's surface would see the
tide rise and fall twice a day (approx), and tides at low latitudes would be highest. In reality,
Wwater motions cannot keep up with the motion of the sublunar point, and dynamic effects come
into play - including the resonance of basins and coriolis forces. These effects conspire to give
some places two tides a day (‘'semidiurnal tide, My', as in England) and others one (the diurnal
tide, e.g. Vietnam), while most places have a mix (e.g. San Francisco)

The Sun’s tidal effect (proportional to Mass divided by the cube of distance) is about one third
of the Moon's.

Large Tides

Maximum tides occur in spring and fall (where the Sun is over the equator, and therefore the
track of the sublunar point and the subsolar point are near-parallel and close) at New and Full

Moon (syzygy, where the Sun and Moon are pulling together), and when the Earth-Sun and
Earth-Moon distances are smallest.

Tides of large amplitude occur in basins which resonate at a harmonic of the tidal excitation
frequency (~12 hours). Notable examples are the Severn Estuary in the UK, the Bay of Fundy in
Canada, and the Gulf of California. The resonance is due to the propagation time of a wave (+
the tide) up and down the basin [for the Bay of Fundy, 270km long , depth D~60m, a shallow
water wave travelling at vgD =24 ms-], gets to the end and back in 2.2eds, or 6.1 hours - a
convenient multiple of the 12.2 hour lunar semidiurnal period]

Most of the Gulf of California is too deep for shallow water waves like this to work, but it does
behave similarly in that the northern part of the Gulf behaves as a tuned oscillator; with the
tide covering it in one quarter of a tidal cydle (Filloux, 1973). At the mouth of the Gulf, for
example, the M component has an amplitude of 30cm; this falls to about one third in the
middle of the Gulf, but builds to 165cm at the head of the Gulf.
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Planetary Connection

Tides are perhaps the most familiar connection between the heavens and human affairs - tides

themselves are a planetary connection. More generally, ask Dave Trilling about how tides can
push giant planets about....

Titan, which may have seas of liquid hydrocarbons, is subject to an equilibrium tide from Saturn
some 400x larger than that on the Earth from the Moon. However, Titan rotates synchronously,
so the ~100m tidal bulge stays nearly in the same place. Its orbit is slightly (e=0.029) eccentric,
so the tide would go up and down by 9m (=3e, as the tidal potential is proportional to the cube
of distance), and oscillates by 3° of longitude. Global oceans seem ruled out, and seas are likely
to be confined to crater basins, with steep walls. Tidal bores, and other cool stuff, cannot be
ruled out, however.

Annotated Bibliography

* Tricker, R. A. R. Bores, Breakers, Waves and Wakes - An Introduction to the Study of Waves
on Water, Elsevier New York, 1965 [551.46 T823] (Marvellous book - nice photographs,
descriptions; even straightforward equations and water tank experiments)

* Waves, Tides and Shallow Water Processes, The Open University, 1989. [GC 211.2 W38]

(A Modern and well-illustrated introduction, with mathematics)

* D K Lynch, Tidal Bores, Scientific American , vol.247, no.4 146-156, 1982

(good readable account)

* S Bartsch-Winkler and D K Lynch, Catalog of Worldwide Bore Occurrences and
Characteristics, US Geological Survey Circular 1022, 1988 [QE75.C5]

( @ comprehensive list of known bores, and a superb bibliography)

* Rowbotham, F. The Severn Bore [GC 376.R69 - need to get on Interlibrary loan]

(very parochial account, complete with the name of Pubs as landmarks for bore-viewing. Some
excellent photographs too)

¢ E. P. Clancy - Tides, The Pulse of The Earth, [GC301.C55]

(Good historical background, but not much else)

* Branner, J. C. The ‘pororoca’ or Bore of the Amazon, Science, v.4 488-490, 1888

(good old-fashioned - 'I went here and saw this’ science)

* Sykes, G. G. A Westerly Trend, U. of Arizona Press, 1945 [CT 275. 59877.A3]

(nteresting account of an Englishman’s wanderings in the Southwest; as well as seeing the bore
on the Colorado Delta, he was a member of the Carnegie Desert Laboratory in Tucson, and
helped build the dome at Lowell Observatory, etc.)

* Filloux, A. Tidal Patterns and Energy Balance in the Gulf of California, Nature, v.243, 217-
221, 1973

Web
Severn Bore Predictions:

http:/ / www.severn-trent.com/rec_cons/severnbore.htm
Tube-Rafting on Rivers in the Bay of Fundy
http:/ /www.nsis.com/~webmagic/ truro/bore.html
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BORE ON THE SEVERN is the largest in Britain. Itis a powerful breaking bore with a erest
large enough for surfers to ride upsiream for miles. The bore forms near the Severn bridge
above Sharpness and extends to Gloucester. Twao conditions must be met for 3 bore to form.
First. there must Be 2 broad stuary that narrows toward the river mouth and has a shallow,
sently sloping buntom. Such a configuration funnels the incoming tde. increasing its height
The Severn estuary from Cardiff to Dristol has the required narrowing shape. Second. the
tides in the adjoming bdal hasin must he vers hizh. A difference of more than 30 fect between
high water and low water at Sharpness is generaily necessars for the Severn bore to form.

1+0

UPPER 1

Fig. 6—Progressive water levels (‘tide curves’) taken throughout the rise

and fall of two consecutive spring tides as they move up the river from

Avonmouth to Gloucester. The distortion of the shape of the tide wave
causes the bore to form
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BORE ON TURNAGAIN ARM, near Anchorage, Alaska, is one of the few in North Ameri-

deep water move .

in

tly. The parts of the bore

ca It is usually from two to five feet high and, as shown, its leading edge is not straight or uni-
aries greal

faster than those in shallow water. The faster parts are undular and the slower parts breaking.

form. The depth of Turnagain Arm v:
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The Colorado River Delta

Where the Grand Canyon went!
with your plausibly helpful host, Andy Rivkin

1 A few words about the Colorado River

The Colorado River is a river of superlatives and, well, anti-superlatives. It has the largest elevation
change of any North American river, about 4200 meters from source to mouth. Its length is 2300
km, the seventh longest in the United States. Its basin is larger than France, at nearly 100,000
square kilometers (that’s nearly 101! ares, for you strict SI fans).

Despite these numbers, the Colorado only carries 20ish km? (or so) of water per year, compared
to 240 km? for the Columbia River, and 490 km? for the Mississippi (Carrier, 1991, as is most of
this section). Because the region the Colorado drains is so arid, it is one of the saltiest American
rivers, carrying 8 billion kilograms of the stuff each year. Its salinity, which starts at 50 ppm near
its source, reaches 700 ppm (that’s nearly 0.1%!) at Imperial Dam, north of Yuma. For comparison,
the U.S. standard for potable water has a maximum of 500 ppm salt. It also is potentially one of
the siltiest rivers in America, with a pre-dam load of 350 million kilograms per day. The multiple
dams now on the Colorado have cut that figure way down, of course, with whatever is collected
below Lake Mead dropped at the All-American Canal (Thompson, 1968).

They have also cut down on the water actually coming through the river channel. The Colorado
River Compact in 1922 awarded about half of the river’s presumed flow (9.3 km?) to the upper basin
states of Wyoming, Colorado, Utah and New Mexico and the rest of the Colorado’s water, plus the
Gila’s water (total of 10.5 km?), to the lower basin states of Arizona, Nevada and California. In the
1940’s, the Republic of Mexico, negotiated a treaty with the U.S. recognizing their right to some of
the water, too. Mexico got rights to an additional 2 km® of water, though the states didn’t give up
any water to make that possible. The presumed flow was about 20% higher than the flow actually
has been for the last 70 years, also. Oops. Lots of water gets lost unused, as well: 2 km3 lost to
evaporation from reservoirs, another cubic kilometer lost as runoff into the salton sea after used as
irrigation for farms, 86 million cubic meters seeping into the dunes from the All-American Canal.
The delta region, once a series of green lagoons with tons of egrets, jaguars, and wild melons, now
is basically dry.

But enough of that.

2 Delta Formation (from Plummer and McGeary):

Deltas form when streams or rivers flow into standing water. The river’s velocity decreases upon
reaching the standing water, and the river drops carried sediment. This sediment builds up, forming
the foreset beds of the delta. This build-up eventually reaches the point where a flat top surface
is formed, where finer-grained topset beds can be laid down. Commonly, distributaries (small
channels carrying water from main channel over surface of delta) are found. Because distributaries
can block their own channels by depositing sediment, they often move around. The unique shape
of the Mississippi River delta is due to constant dredging of distributary channels, not allowing
them to shift (and submerge New Orleans). The shape of most deltas is due to a balance of
sediment supply vs. waves and currents from the sea/ocean. See Figure 10.32, from Plummer and
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McGeary for an internal view of a simple delta, and Figure 40, from Hazlett, showing the steps in
the formation of a lava delta, a similar process.

3 The Colorado River Delta

The area of the Colorado River Delta is shown in Figure 1, from Thompson (1968). The delta fills
the northern part of the Salton Trough. Its crest goes southwestward from its apex near Yuma
through the Cerro Prieto volcano and Sierro de los Cucupas, with a minimum crest height of 12 m
(Muffler and Doe, 1968). It slopes down from its crest (unsurprisingly), to the Sea of Cortez (Gulf
of California) with a gradient of 0.35 m/km and to the Saltor Trough in the north with a slope of
0.8 m/km (Thompson, 1968). Through its history, the river seems to have flowed both northward
and southward, which is extremely unusual. The delta seems to have been built through transient
drainage channels that quickly became blocked. After blockages, floods then occurred, causing the
river to breach its banks and levees and find a new course down the cone. Usually the new course
was simply a lateral diversion, but occasionally the river followed the steeper gradient into the
Salton Trough. In the natural case, this would continue until the lake level raised too high, and
water poured out again, or until the river channel filled in again (Muffler and Doe, 1968). For the
human-aided case, see Spitale, this volume.

Before 1905, the Colorado occupied a meander belt along the Sonoran Mesa, and emptied into
the Sea of Cortez in a location similar to the present. Since 1909 (to at least 1968) the Colorado
has had no clear-cut channel across the delta. There are extensive secondary delta cones seaward
of the mid-delta, where much of the sediment load is dropped (Thompson, 1968).

The delta has existed since the Pliocene, perhaps as far back as the mid-Miocene (15 Mya). The
thickness of the delta sediment and sedimentary rocks is about 6 km thick. The sediment currently
seen is mostly calcite and dolomite, with fragments of volcanic rock. All of these are uncommon
in the surrounding ranges. There is also great mineralogical uniformity in the sediment, leading
Muffler and Doe to conclude the area is dominated by Colorado River sediment that has travelled
long distances— from the Colorado Plateau. Lead and Strontium isotopes give Precambrian ages,
leading them further to conclude that this was igneous material reworked as Mesozoic or Paleozoic
sediment, then carried by the river.

In other words,

Colorado River Delta = 1 - Grand Canyon

Pretty cool, eh?

4 The Planetary Connection

Hmmm. Because standing water seems necessary for deltas (even lava deltas), the possibilities are
pretty slim. There’s the usual standby— Mars, if water stayed around long enough. Titan is popular
since we've never seen the surface, but it’s unlikely the energy available for sediment movement is
enough to do anything (Lorenz, personal communication). Conversely, the identification of a delta
on the Martian (or any planetary) surface would indicate long-lasting sediment transport, or in the
case of a lava delta, longish-lasting standing water.

References: Carrier (1991), National Geographic, June 1991. Muffler and Doe (1968), J. Sed.
Petr., 38. Thompson (1968), GSA Memoir 107. Plummer and McGeary (1988) Physical Geology,
Wm C. Brown, Dubuque. Hazlett (1993), Geological Field Guide- Kiluea Volcano, Hawaii Natural
History Association.
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Geothermal Steam and Earthquakes: A Shaky Connection?

A brief introduction to the Cerro Prieto geothermal field, its history, geology and

recent speculations about tectonic activity possibly being related to fluid extraction at the

field.

Cerro Prieto Geothermal Field-

Beginning in the early 1950s, the Mexican government, specifically, the Comision
Federal de Electricidad, started to explore how to best utilize the geothermal resources of
the country. Their first project was the establishment of a geothermal electric production
facility at Cerro Prieto.

The geothermal field is located in the Mexicali Valley, Baja California in the
southern part of the Salton Trough between the Imperial and Cerro Prieto faults. This area
is over the Pacific-North American plate boundary and is tectonically active, providing the
heat source for the field. The field is about 30 Km southeast of the city of Mexicali on the
Colorado river’s delta plains. It is thought that a magma chamber around 5-6 km down
provides the heat for the field.

In 1964, four deep (~1300 m) exploratory wells were drilled and large quantities of
steam and water were found, so a full-scale facility was built. Electrical power production
began in April, 1973, with an initial output of 75 MW. Since this time, production rate
growth has been achieved by annually increasing the number of wells on line. By 1993,

there were an average of 113 wells on line at any given time, distributed through three
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production areas.
The wells extract steam and water at temperatures in the 250°C- 350°C range, with

salinities around 2%, from depths between 1500- 3000 meters. The wells have high
production, going from 50 to 117 tons per hour of separated steam. Since going on line,
the facility has extracted more than 1 km*3 of fluid and the electrical production capacity
has been increased to 620 MW. This makes the Cerro Prieto the second-largest geothermal

power-producing plant in the world as of 1993.
Geology of the Cerro Prieto Geothermal Field-

The geology of the field has been fairly well determined through core
samples obtained from the drilling of the wells. The regional structure is a tectonic trench
which rises in a series of stepped blocks to the west and descends abruptly to the east of
Cerro Prieto where the basement crystalline rocks (a granite) are displaced downward by
about 3000 m. This basement rock is broken through by a series of northwest-southeast
faults, part of the Imperial and Cerro Prieto fault system. These faults through the basement
rock provide upflow channels for the high-temperature water. Above the basement rock,
there are layers of sandstones and lutites. Overlying this for the first 700 m down are layers
of impermeable plastic clays. The sandstone layers are saturated with the heated water,
which is forced to flow horizontally away from the upflow zones. The water flow is mainly
to the west, thanks to flat stratification and good permeability in the sandstone in that

direction. To the east the strata are more compacted and less permeable, so it tends to be

self-sealing.

Fluid Withdrawal causing Earthquakes?

ol



In 1994, a theory was proposed that large (> M 5.0) scale earthquakes in
the Cerro Prieto area could have been caused in part or whole by the exploitation of the
geothermal field and the extraction of fluids that use of the field entailed. A study was
conducted from August 1994 to December 1995, using 4 analog seismographs as well as
permanent stations from regional networks located on both sides of the border. This first
study found no significant links between seismicity and fluid extraction, however another
study conducted later seems to have found a possible connection.

The second study looked specifically at three large earthquakes, and when they
occurred in relation to large increases in sustained fluid extraction. After about 1 year, in
each case of increased extraction, a quake occurred. The study used statistical analyses to
determine if there was indeed a link between the two events. These analyses showed that
while there was a high probability that the quakes were due to tectonic loading alone, there
was also a high probability of triggering due to volume extraction coincident with event
occurrence. While the study found that there was a correlation between increased fluid
extraction and seismic events, the data were insufficient to conclusively prove the

hypothesis. Still, there does appear to be a link and further studies are certainly indicated.
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