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Seledted FIood Summones ond
Cost Estimates in Arizona

by Susan M. DuBofs and Brian R. Parks

As explaingd inthe previous Cleldnofes issue {v. 10, n. 4, p. 64),
the torm “Hood” s often used synoncmously with runoff and
eiosion as the causc of maicr damage reksted 1o heavy precip-
Hation. Here it has L,L,( rloosery apphied whare cxeerpls of souroe
matesal have been quoted. However, all of the events i the chart
didd include periads of overbank fiow {looding} on portions of the

Daihlih, filling to the rimin 30 scoonds at t cis; 1 soc an 30 ofs
1730 sec al 300 cfs.

Fiood events presenfoc balow w oro s lected with regard o the
icllowing criteria: 1) all resulted in either great monatary or human
loss o Both); and 23 the gvents had & wide gecgraphical and
temporal di Trlbutlm I’m se 15 events comprise oniy a small por-
lion of the 103 doctumented fluods which coourred Detweaoen 1872
and 1981 [Other destructive stonm runclf {(not summarizoed below)
atzo gcourred in the folowing locations: Yuma -March 1884

floodpans.

Fiow rates in the washes or rivers are gxpressed in cubxic foot  Hiver
for visualizing such quantitics of - wide.
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Al Planet on 2/21/91 was 200,000 cfs; San Francisco River at Clif.
ton called the "highest to date”; Salt River at Phoenix was 300,000
cfs; Gila River near present day Gillespie Dam on 2/22/91 was
250000 ¢fs (grealest known flow to date); Colorado River at Yuma
on 2/25/41 was 300,000 cfs. [In comparison o these flow rates,
Salt River Project releases in February 1980 were 78,000 1o
180,000 cfs.| In 1891, all towns along these rivers were affected.
Clifton was under much water; all bridges and nearby irrigalion
sysiems were destroyed. At Globe "many buildings were dam-
aged oriost.” At Phoenix the Salt River was 18 ft above norfmal. ihe
railway and its bridges were destioyed. Below Phoenix the Giia
River was 2.3 mi. wide in places. At Yuma “every structure of
conseauence not completely deshioyed was surrounded by wa-
ler" Other localities reporting damage include Prescott, Hofbrook,
Cottonwood, Pt Thomas and FL Apache. Al this lime Phoenix and
Yuma had populalions of 2,000 each. In Arizona no large flood
control structures were in existence. The $28,575 000 damage
estimate is for Yurma and its surroundings onfy.

January 1905—May 1905

Above average precipitation during this period caused wide-
spread flooding throughout central and eastlern Asizona. In
January floodwaters damaged many acres of farmland and inun-
dated several towns in ihe upper Gila River valley. Clilton experi-
enced its "most disastrous flood in history”; the town was heavily
darmaged; all bridges across he San Francisco River were de-
stroyed and the area was isolated for several weeks. During Feb.
ruafy, Phoenix had 4.64 in. of rain; Cave Creek overflowed ils
banks for the second time in fwo months covering the state capitol
grounds. The Salt River at Phoenix was reported Lo be the “highest
singe the 1891 flood.” Heavy rains continued through March and
April producing flood stages on the Salt, Gila and Little Colorado
Rivers. On May 2, the Norman Dam, located / mi. upstream from
5t Johins on the Little Colorado River, burst, flooding farmland and
drowning livestock downstrearn from 8t Johns. The city ilself re-
ceived httle damage. 1.oss of irrigation water impounded behind
the dam affected farming throughout the valley until the new and
larger Lyman Dam was constructed. tin April 1915, heavy rains
caused this new dam to break. nflicting at least 8 deaths and great
darmage downstream as far as Holbrook.

January 1916

January went on record as the wettost month since: the estab-
lishment of the Arizona Climalologica Service in 1892, "Bolween 4
and & in. of rain fell in the Gila valley lowlands. Two separate stomm
systems converged over Arizona during the month; the firsl from
115416 to 12116 soaked the ground, the second from the 172616
to 1/30/16 caused heavy damage. The Salt River at 'empe on
171916 was 18.7 # [flood stage 15 7 ft1. Flow on the same day was
100,000 cfs. Other flows for the month include 100,000 cfs in the
Sall River below Roosevelt: 90,000 cfs in the San Francisco River
at Ciifton on 1119416, 100,000 cis on 1/1916 in the Gila River at
Safford; and 130,000 cfs in the Gila River at Coolidge Darmm on
1/20/16. Cities damaged along the Salt and Gila River valleys in-
cluded Chandler, Termpe, Phoenix, Gila Bend and Yurna. Yuma
experienced the worsl damage; "81 buildings reporied con-
sumad™. On 122116 Colorado River flow at Yuma was 220,000 cfs;
the Gifa River flow at Dome (20 mi. £ of Yuma) was 200,000 ofs.
The damage figure doos not include Yuma's losses,

August 1940

Summer monsoons brought 2.94 n. of rain 1o Tugson in August,
producing floods on BA3/40 along Tucson Arroyo and Rillito and
Santa Cruz Rivers. Flow data on 813/40 show the Rillito at 13,200
cls and the Santa Cruz at 11,300 cfs. The Rillto River flowed 200
yids beyond its banks in places. Most damage ocoured near Tuc
son Arroyo, including flooding of the Tucson Gas and Blectric
Company which caused a blackout, Southern Pacilic track and
bridges at Fairbank (near Tombstone) were washed out. [Other
damaging Hoods in Tucson and the surrounding area within this
decade include 943, 845 and 7/48, with a combined loss of
$1.381.100.

July 1954

On 7120154 and 7/29/54 flash floods caused serious damage o
Miami and Globe, Monthly rainfall totaks for Miami and Globe were
3.36 In. and 2.77 in. respectively. At Miami the flood piled up cars
and damaged a number of business estabfishments. Globe sul-
tered when a wall of water came down Pinal Creek and flooded the
business section wilh several feet of waler, New cars wera repor-
tedly washed out of a showroom and destroyed. Twenty-five tusi.
nesses were destroyed; 40 others damaged, and 126 families
claimed losses in a two block section of Globe.

September 1962

Heavy raing which fell frorm 9/26/62 o 9/28/62 in Pinal and Pima
Counties resufted in severe flooding, predominantly in agricultural
areas: Sells received 4.6 in.; Tugson, 3.5 in.; the Tucson Moun-
tains {near the Desert Museum), 595 in.; Marana, 4.6 in; and Avra
valley, 6 in. Peak stream flows include 17,000 cfs on Ihe Sanla Cruz
River at Cortaro and an amazing 53,000 cfs on the Santa Rosa
Wash. [Lstimated peak flow of a 100 yr. flood is 41,200 cfs.] Near
Floy a flat area known as Green Reservoir formed a lake 40 sq. mi.
by 8 mi, "five foot cotton disappeared beneath water.” The water
destroyed dikes while flooding thousands of acres of tarmland.
The towns of Maricopa and Stanfield were evacuated because of
high water in the Santa Cruz River. Sells experienced its “worst
llood in memaory” and many of the 70 surrounding Indian vilages
became isolated as a result of the slorm.

August 1963

Yher third stors of the month hit north-central Arizona on 8/19/63,
dropping 1--4in. of rain on ihe Prescott area. The four tributaries of
Granite Creek poured 7,000 cfs of water into Prescott; “higher
flows meay have occurred in the past 50 years, bul none caused
nearly as much damage.” In 1963 the population of Prascott was
13,000 [by 1978 19,000]. Much of the damage occurred in resi
dences along the narrow valleys. The creek channels were con
stricted by developments. When rains came, drainages were of
insufficient size to carry the runoti. In places the creeks were 200 ft
wide, whereas before the flood their channels were only 20-.30 {t
wide, Two miles of sewer line weare completely washed out and
anolher section, 6 mi. long, was damaged. Residential, commer-
ctal and business propertics were also damaged. The governos
declared Prescott a disaster area.

September 1964

The starm of 99 to 9/11/64 resulted in & maximum total precipita
tion of 8. 73 in. over the Santa Calalina loothills and Sahuarita, Peak
discharges on local streams inclinde 13,000 ofs at Tucson and
14.000 c¢fs at Continental, both on the Santa Cruz River; 9420 cfs
at Tucson on the Rilite River: and 9,960 cfs near Yail on Pantano
Wash. Flooding ccourred predominantly in fwo areas: 1) from Con-
tinerial to Sahuarita the Santa Cruz River was one mile wide over
half the distance, inundating many areas of ripe unpicked cotton 2)
fram Marana to Chuico, water overflowed dikes and flooded 35 sqg.
mi. of Hoodplain, Much laleral erosion and downeutting ocourred
along the Santa Cruz River. For example, al the Ajo Way Bridge the
riveer bed was 2-3 ft iower than the loved aftar the 9/61 flood and 81t
lower than it was n 1958 when the bridge was constructed,

December 1966

The sparsely populated eastern Grand Canyon experienced
flooding of & rare magnitude from 12:4 2120766, Although few gag-
ing stations are located in the arca, rainfall totals collected during
the starm indicate that great precipilation occuarred in several
lucalized areas: at Tuweep, 6.0% in.; at Jacob lake, 6.60 in.: at
Bright Angel Ranger Station, an estimated 12 in.; and at the North
Rim entrance station, an estimated 14 in. Peak discharges include
3,000 cis on MNankoweap Creok and 4,000 cfs on Bright Angel
Creek, which deshioyed the gaging station. Exdensive mud and
debris Hows along the uninhabited drainages of Dragon, Crystal,
Lava, Nankoweap, Kwagunt and Shinumo Creeks caused little
economic loss but damaged several archaeofogical siles and al
tered stream geometries. Other Hood relatad losses. mainty in the
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Brght Angel Cresk dranage, includod d powesouse, pumoing
station, newly cunstructod water Ena, camp grounds and faciities.

Mudfiows occurred on the undeveioped and unpepulated Crys-
tai Groek, Loss of Yfe anc many more baildings would nave beon
expocted it similar mudhows had occurred aiong Bright Ange:
Cruak. Cooley {18/ /) slates, "he ficods of Decemoer 1966 proba-
bly were greater than any since the general abandonrsent of the
eastern Grand Canyon by the Puctlo Indrans apout AL 11RO
September 1970

On Q4806 /G an inense storm rosaitec it fooding mroughout
the: Santa Cruz Rwer ba \JTH, 1 the bodr Comners arca, and esos-
cially central Arizona. The Mogolicn Rim area and the Santa
Cataling Mountains cach received mors than S in. of rain; Payson
reported 5.236 in, on Y4370 lonto Creek fish hatchery received
563 in. on 96:/0; and 5as rsbp reported 4.36 it on 24700 Poak
discharge data ncludes 53,000 ofs and 44,000 ofs on the Tanto
Craok noar Hoosevell and Gisela, respactivery: 24,700 s on (Oak
Crizck near Cormvilie: 7,750 cfs on Savine Croex near Tucson
and 18,000 cfs on the Agua Fria Qiver near Mayer, Toe cilies of
Buckeye, Tucson, Paysor, Wickenburg, Phoenix and Sceollsdale
{where 250 homoes were evacuated) reporied damages. Twenty-
three deaths cccurred aieng lortc Crock whare many poeopie
vers vacationing over | abor Day weekend, On 8870 the Mosa
Iribune rencrtad, “Torto Creck {‘xpl(:n("ﬂr4 mto A churming Baolirg
mass of waler, fooks and foI J t”m quay which cresied at over
30 1 in depth o the flat arens” Alsc the fish hatchary, summer
cabing, mobiie homes and r':@:_—ir';jy roads were desltrovod along
Tonto Creck.
September 1976

Tropical storm Kathicen dropped 2 5. of rain on Butlbead ity
and the surrcunding arga. 99% /8. Flash flooding and reud llows
ocelrrad on 8 major washes leading into Bulibead City from the
surrounding meurtains. The Silver Craek cressing of state rodic 895
was cut inte "a 20040 1t deep canyon by the raging waters. " Tr‘-e
rans cul of all overand assisiance (o tr‘ﬂ cizy and causad an
gatimated 83 miiion in damages, §2.5 ma >which wis privaic
property foss, Tne Govemars office decl.ueu the: city a wsastar
arca on 2N 6 A second sturm on 924:76 dropoad an addilional
2 ainood rain. causing another 82 3 mellicn in damagss.
October 1977

Hegwy rains of 1076 1030777 e L'C}i" Ly tr'Jp'(;aI sorm Heather
caused severoe flooding it the Santa Crue and San Pedro River
nasing, Ine hoaviest rans fer e the vicinity of Nogaes whoere thoe
olficial to1al was 8.3 in. [Unoflicial tolais rencried {or the area are
12 ) Paak dizcharges on the Santa Coz Biver ware the largest
ever recorded al USL—:%: SEIOHatY| ‘“talionts' 12,0600 ¢fs near | ochiel:
33.000 ¢fs near Nogales: 28,000 ¢is at Cantinentah, 23,700 oig at
lucsor and 24,500 cfs at Cortaro, Other peak flow daik ircude
23./00 ois on the San Pearo Biver near Tormbastone and 4,000 ofs
o the Noegales Weash at the Ola Tueson Righway, Santa Gruz. Pima
anc Mina: Countios were declarad disaster arcas on 10877 Dam-
A0 WAS 00N P*utr.llﬁc 00 the Sama Craz River ioodpain and
its nnutanes. al 0f 12,000 acres of agnoesdasl land was dam
aged n 1.1\—353‘; GO in Noganes. flooding displaced 54 famdies
SN NG g WWa

ab o Alotal of 1E,u residences were damagaed o
destroyan ;—3|0.1-:; the Sante Cruz Fover Coronadn Natonal Forest
suffercd over B e caragae to rosons and onages Teoson,
Green Walley, Sshivarnta and Marana dluo reoodac dar
1z ficooirg.

December 1978
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destroved. Sixty cignt percent of the homes in Lille Hollywood
{near Satford) were destroved; 2.000 people in Safford woere
evactalen and 512 mition warth of damage o agrcutural &na
vas repodod The Phosnx metronelitan area was asc aftected by
heavy runotl where a total of 356 million of damage occurred; 30%
o! this darnage wias caused to roads and bridges, Alse damaged
WRE iucson, Summarbaven, Green Vadioy, Marana, Ciiton,

The T’her Pira, Scortncale, Gienoals, Temps, Winsiow, Wiliams
and Gita Bend. Thero weri 12 reportad deaths from the sterm,
February 1980

Damage 1otas for the mic-February food” aze s0ll moomnlote,
pl exoceled o he kigher. Tng Pnocnix melrepolitan arca exocr
enced its sccend maior runoff cvent in two years. resuting in the
gvacuater of 6,000 people. and igaving only two of the tan area
briclges open. Discharges for the San Rwver qt Phoenx ranged
bobwoen /8000 ofs ard 180,00C ofs aurng he peaxk ow. Mosa
Scottadale, Tempe, Glendaic and Buckeye also reporied damage.
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Seismic network: 4-4, 6, 5-2, 8, 6-1, 8

Seismic observations: 6-1, 1; 6-3,6,7-3, I;
B4, 11,91, 38924947101 12

Scismograms: 9-1, 3; 10-1, 12

Seismologic siting critersa: 6-3, 3, 7-3, ¢

Sells: 9-2. 4

Shaliquiiah, M. 7-1, 5, 7-3, 6;10-1, H

Silver: 3-2, 8

Slag: 1-4, 2

Slate Mountains: 1-4, 11

Siezak ., Marig: 9-3, 10

Siope stahility: 6-2,5;7-3, 9

Smith, Ann: 10-3,4; V-1, 12

Soucorrow Peak: 7-3, 8

Solor energy in Arizona: 4-1,7, 12

Sonic booms: 9-2 4

Southwestern Mincrals Txploration
Assoctation: 2-1, 1]

Special Papers: 7-3, 0; 8-1, 17, 111,12

Specific gravity: 2-2, 3

State Trust Fands: 11-1, 12

Stcele, H. 1.0 4.2 3

Sone: 13-2, 3

Stone, Claudia: 7-3, 5, 8-1, 17, 23, 13-2, 5

SubSIdchL -3, 12 2.3, 4, -4, R 6-2,3:9-2,
510-3, 1 1141, 9

Subsurface data acquisition: 1-1, 1

Sulfide deposits; 3-3, 8

Sulfur: 1-3, i1, 1-4,4; 21,9, 3-3. 8

Sulfur dioxide: -2, 12

Sulfuric acid: 1-2, 4, 1-4,4;2-1,9;2-2, 6

Summer, John 5. 6-1, 11 10-4, 9

Supal Sandstone: 3-3, 9:16-2, 15

Superstitions: 2-2. 3

Surface Environment and Mining Information
Dissermination Program (SEAM): 7-1, 5;
-3, 8

Surface Mining Control and Reelamation Act
ol 1977 8-1, 13,9-2, 8

Tar 4-3,3

Fectonics in Arizona: 3-4, 9, 6-1, 3, 6-2, 14;
-1, 19, 8-1,24,9-1, 4, 14

Thesces on Arizona gealogy: [-1, 8; -4, 6; 2-1
7,2-4,3,32,3,3-4,542 7.4-3,7,5-3,
9,84, 9,43 H

Tilasite; 1-1. 3

Titley, SpencerR.: 2.4, 1:4-4,12,9-2.3

Tortolits Mountains: 6.2, 13

Tucson: 2-3,2;3-4, 1,52, 5, 5-3, H;6-1, 8,
7-3, 1 8 4, 7.9-1,4,7, 8, 10

Turquoise: 5-2, 9

Tuttle, GIL;:()W M. 1G-3, 1)

Udall, Morris K. 9-2, 8

University ol Acizona: 1-1, 8,1 2,4, 7, 1),
1-3,3,4,5,9,10; 1-4,4,5,2-1,3,5, 8,
12;2-4, 5_’;2 3042 743,206, 74-4
2,3.14,5.1,3,53 i),:':nl 3,72, 1,84

9:9 2,8 10-2,9

University of Avizona publications: 1-4, 9, 7-1,
20

Uranium: -4, 8 60-1,6:7-1,1: 72,12, 7.3,
9,43, 1,7, 11

Uranium exploration in Arizona 4-3, 7; 5-3.
F00-1, 1201208 20, 24 B0, 6, 9-3, |
100018 10-4, 1

Valencia, Merey A 7-1.5
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Vandalismy: 3-1, 6

Virgin River Gorge: 3-1, 3.3, 1

Wivian, R, Gwinn: 3-1, 1

Volcanoces in Arizona: 1-1,
7-3,6,9-3,2

2:2-1,9,4-4, 7,

Water & Power Rmoumn s Service (U8 )

Vargs, Robert 1.: 6.2, 15, 7.3, 8 10-3, 10 10-4, B 131-1, 12

Water depletion: 7-2, 2

Waler harvesting: 6.3 10

Water supply in Arizona: 4.4, 5,6-2, 1, 6-3
9:.7-2,2,12,9-1, 16

White Mountains: 4-4, 6: 7-3, 0

Willcox: 10-1, 8

Williams, 5. A0 1 4, 10

Wilt, Jan Carol: 1-1,4; -2, 9, 13, 8, 5.2, 12;
8-, 7,93, 10, 11,94, 3, 10-1,9; 10 2,
12:10-3, 1

Vuich, John 5. 2-2, 6; 323, K, H: 34, 1, 8, Water treatment: 2-1, 9, 4-3, | 6.3, 16, 7-3, 9 Witcher, Iim: 8-1, 17,23, 9-4 14
5-1,1:5-2,12,5-3,1,6-2,8, 7.2 1 Wel samples: 1-3, 12;2-3, 2, 9-1, 16 Wood, Richard A 9.2, 4
Waste processing: 3-3, 6, 5-3, 6, 6-3, 160 7.3, Whpple Mts.: 13-2, 8 Zupatalite: 1-4. 10

9:8-4, 8 White, ). H.. 4-1,7

Zeolite; 8-4, 1; 10-2. 10}

A Decooe of Fieldno

hy H. Wesley Peirce

The first issue of our quartterly punlicaton, Fieldnotes, rofled ol
Ihe prosses on years ago in March 19710 At tho rate of 48 pagoes
aach yoar, we have published 480 pagos over thig L YDA SEan.

CUne of the reasons for developeng Foldnotoes was 0 give wider
visibility and recognition o the Bureau as a rosearch and service
auency of the state of Arivona. Qur contacts with newspapers,
iclovision and radie slatons. state and federssl agencics. com
panics. universitios, various civic groups, individual scientists and
lay persona. have substantally increascd over the past decade.
We altrib:ute much of this {6 recognition gained through Feldnotes.
Also, it provides a mechanise for Smely responsa. as woii as an
outiet for sclected geclogic and mineral ar energy related informa-
lion that might ctherwise be greaty delayed, never compiled or
rermen ounied il

Agw th most endeavors there have been bolb paing and plea
sures. In general we are very oloeasaed m[h tha wiy Deldnotes hag
teen rcceived and supported. The clfort scoms worthwhile.

Ter years a0, flling a 12-page quarierly issle was i burdon,
Woe rctalod the ediforsnio amaong our small cadre of professional
staff and pubdshed many shart items, some edginal and some
greaned from our readings and contacts with othor organizations
Finally, alang wth the growth in federal agency research gra
camae a full-time, peormanent editer. More recenily. the emphioas:s

v

f:as beesn on the sharing of original rescarch done by Bursau
pearsnnnel. ' ’

Once in a while we slip inan itern intendsd 1o re-emphasize the
exient to which wo bumans are woedded to mather eartn.
Philesopher Will Darant Wrutc. ‘Civitization cxests through gootog:-
cai congent.. " This s an imgaoertant ecclogical iruism oo casiy
forgotien i the everyday hustle of modern life. lts meanirgs and
implications shculd be probed and the resalts widzsly shared.

Thirkingg ecoluc,l\,ally wr i the Bureaw recognize that Arizona,
like any other siate, is not an independent cnity capxble of self
slipport What happens elsewhere might significartly ailect Arizo-
nans, Verhaps the bHast recent example s OPLC {Organization of
Petrcleum Lxpoding Countries). a fotally Toreign entity, Have we
heen immune from tcir actions? g thore a conneclion behween
OPLC pricing and the fact that more of Arizona is under pelro-
leum leaze and associated inlersive geclogic nvastigation than
avier Defore?

tinldnoles (s the vehicle we use to share such goologically re-
lated “goings on” with the citizens of Arizona

To s tisis ar excitng place. Grosd gaps femain m our kKnows
cdge of the reai, threc dimensiona Arizona, Over the noext docade.
through Fieddnotes, we will aitermpt to share some of the excite-
rment that inevilably accompanies the search for and acgaisition
ang anpplicaton of new knowledge and insights abou this special
piece of garth, In large part, the shape of the stade’s Tuture de-
ponds epon it

NATIONAL/REGIONAL EVENTS

American Association of Petroleum Geologists and Scciety of
Economic Paleontologists & Mineralogists:
Hocky Mourtain Szotion Meeting, Alougueroas, Apri 1215,
WY Anncal Meeting, San Francisce May 3--June 3. 1981
Geological Society of America:
Haocky Mountain Sgcticn Annual Meciing,
Anrii 1617, 19861

Hapid Cay,

Arnnual Meeting, Cincinnati, Nov. 2.5, 1981

New Mexico Bureau of Mines—Forum on the Geoicgy of ndus-
trial Mirerals, Allzuguerque, May 13-15, 1981

American Geophyswal Union-—Soring Meeting. Balimore,
My 2579, 1981

Association of Earth Science Editers— Annia! Meating, Denver,
Qo4 /7 1981

PUBLICATIONS

On May 31887, a rmajor eanthguaks sbock mach of s south
wost United States and Moexico, an area of neardly two mllion
aguare kilemelers, This seigwic oveni, with an ostimated mag-
nitLde ¢f 7.2 cawsed B deaths inonorthom Scrora, and majoer
destruclion of properly inosouthess: Arizong, as well as adjacent
oodicns of Moexico 0 S0 bogirs the 112-page Soccal Paper
Moo 3 recently compleied by the Bureaw of Goology ara Min-
eral lechnoiogy The study s entitled, The 1887 Farfhguake in
Sari Barnarding Veadioy, Sonora: Historc Accounts and Intensity
F’a."‘t‘-m" in Arieona, co-awhored by Suuar WL DLBais and
AN W Srela The costis 56,00, s volume may e oargnasen
'-’0'“ e Aareass Punlicatior Desk 845 N Park Ave. Tuoson
ey e Uo! A campus) o by mall (witt a dling chaqgs of

20% of 1ne tota’ order).
Tfo rescarch project was funcead by e LS Geological S-Jr”('y
S Nuglear Begulatory Comes gsion and the State of Arzona.

5 (fact andd
TN JI

ARIZOGNA TREASURCS
fabie;, Prospectng and Treasure Hunting: M soico
of mateeais e b Arivona Depacerent of Diorany, 5
Pul: e fecords, Bosoarcl Divis Thiz 43-page dacume” |I WHE
coroilee oy Mararaa Hang whle sbe was g gradaaioe stadent
ircbsrary Seierce st the Laversty of Arrona. Zocices may o
cotarco. 4l ro -:‘r'-"r(;(* anc wiiie e sopply fasts from te e
patdrean: ot Liorary, 700 Woesh Wasainglor, 3r i Flaor, Pf")mx
A 8R0GY

l'.'/I{I'.I'.'u'.-"?U "'/‘”"'n'()a Ceter TN
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INTRODUCTION

In the September 1980 issue of Fieldnotes, Raymond and others
(1880} guestion the hypothesis of crustal expansion caused by
deplction of greundwater in south-central Arizona {Holzer, 1979}
In parpcular, they question the analysis of teveling data tnal sup-
ported the hypothesis. Their gucstions, howsver, appear o be
based on 1) misunderstandings of how geodetc data are col-
lected and reduced and 2) misinterpretation of Holzer {(1979). Be-
fore responding in more detail 1o the issues they raise. a review of
tne onginal article is in order. tn Holzar (1979}, 1the mass of water
impounded behind Lake Mead, where measurement showed an
clastic crustal depressicn of 17.8 cm in response to e load im-
posed by the water, was compared to the masses of groundwater

Crorcde 2

~Adgona?

LS L

e oro Wik Couse Larthopaes

by Thomas L. Holzer

U 5 Gooagica Survay, 345 Middiefald 3., Moslo Fary O 24025

thai have been removed from several arcas in the United Stales,
The comparison revealed that in two areas, south-centrai Ardzona
and the southern High Plains of Texas, more water had deoen re-
moved than was impounded at Lake Mead. Hence, crustal uphift of
a fow centimeters caused Dy e@sUC Grustal oxXpansion was antici-
pated in these two areas. Because actual magnitudes of uplift
depend on the area over which unloading is distributed as wel as
the mass change, Holzer (1979, eqguation 2} denved an index to
take this ito consideration. Comparison of indices (Holzer, 1979,
Tanle 1) suggested tha: a maximum uplift aporoximaiety equal in
magnitude tc hali {actually 58%) of the maximum depression at
Lake Mead occurred in south-contral Arizona from 1915 o 1973
Raymond and olhers (1880} propose that the theoretical uplift is
larger. equat to 74%, but this is based on their comparison of a
vatue of upift computed from the index formula with the measurad
depression at Lake Mead.

On the basis of this comparison. Holzer (1973) evaluated pre-
cise leveling data from south-central Anzona to determine if such
an uplift cowd be detected. Levelng data collected in 1948 and
1967 suggested that indeed detectable uplift had occurred in
areas near Casa Grande and possibly near Florence. Analysis of
potertial random and systematic surveying errors suggested that
the obscrved uplift was statistically significant at least near Casa
Grande. The magnitude of uplit measured at thess two locations
was also compatible with theoretically computed estimates of uphit
based on the distribution of groundwater pumpage in scuth-
centrat Arizona {HMolzer, 1979, fabie 5). Raymond and others {1980)
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fuastion the geodetic ovidence for uplift, claimmng the surweying
was net sufficiently accurate to measure it. Thay quecstion it on the
following bases: "1} unadiusted data with varying degrees of ac
curacy are compared. 2} dats peints are widely spaced and may
have been disturbed or destroyed in some cases, 3) elevational
changes are compatad in reiation to a single bench mark, andd
most importantly, 4} leveling errors wore cvaluated oy nominai
accuracy mcthods which yield minimal vaiues of one haif of the
nermissable error.”

DISCUSSION OF LEVELING DATA

Betore | raspond to their questions, it ig instructive to review
briefly how procise loveling dala are collected and the nature of
crrers associated with their collection. The leveling daia at issug
ware collected by the WS, Geclogical Survey and the Naticral
Geodetic Survey (furmerty U3, Ceast and Geodetic Survey) from
1905 to 1977, The levaeling process used by these agencies
adheres to rigorously defined procedures and uses special pre-
cise equipment. The leveling is assigned an order and cluss on the
basis of the standards used. The intent of the procedures s to
minimize systematic error and o cause randoms error to selt can-
cel inihe leveling process, the survay lines dare divided into sec-
tions defined by adiacent bench marks. In the leveling considered
here, cach section is double run, ie., leveled back and forth be-
twoen cach bench mark par. The diffterence between the back-
ward and forward runnings is tho misclosure. The misclosure must
he ess than a certain value delined by the order and clasgs of
leveling. or the section must be reicveled. The accuracy of the
leveling. it errors are truly random, will tend o De better than the
allowed misclosures bocause of the tendency of these errors to
seif-cancel rather than 1o accumulate. For example, First order,
Class | leveling permits section misclosures of 3 mm (K)#, whare
K is the tengih of the sectiors in kilometers, 1he Naticnal Gec-
detic Survey, howover, from analysis of many fevelng results, esti-
mites that leveling to First-order, Class | standards currently has
a standard errar of (0.5 mm (K)'2 (Federal Geodetic Contral Com
mittea. 18974, Table 1) Before pubfishing the resuits from thesc
ievel surveys, both the UE. Geological and National Geodelic
Surveys adjust their data in ordoer o make the new slevations
consisient with elevations from pro existing survoys peripheral
1o the nowly surveyod nelwark or dne and to distribute accu-
mulaied survey crror within the new network,

The first and fourth questions raised by Haymond and others
(1980) are most easily discussed together. Two separate issues ars
raised  the uso of adivsicd versus unadjusted data and survey
error. Raymond and others (1980) imply that the use of unadiusted
data was inappropriate because they usa pubiished adjusted ciova-
ion data to arque that subsidence rather thar upliit occurred during
ther poricd, 1948 1863, i the area near Casa Grande. Fyaluation of
srmall crustal movemaents en the basis of pubished adjssiad clova-
tions is apt to be misleading without careful analysis of the assump
tions thai were made in the adiustment. For this reason, publishbed,
adjusicd data are scldem used i investgations of crustal move-
ments, A classico example of how published adjusted data can mask
real movement is the discovery of the first example in the Unitoe
Slates of land subsidence caused by groundwater withdrawal. Indi-
cation of moverment due to land subsidence n the Santa Clara
Vaiicy. Calitornia, nitially was inferpreted by the National Geodetc
Survey to b survey errar and was adiusted out of e published
elevation data. it was only after a sceond rolevoiing that land subsi
dernce wias recognized {Toknan and Polfand, 19400, By using unad-
justed data as was donae in Hioizer (19/9), computed changes of
elevation of a given bench rark depond only on survey errer and
vertics! crustal movemerts on the levaling line. Ne other gssumo-
tions are fedden inoanaousied data, otbes than ocssibie rod mis-
Cat brations,

Hayrmond and othors (1880 are incorrect whon they state Halzer
(1979 uzed the "nominal accuracy oeween ponts formala pai-
lished by the Foaeral Geodatic Cortro Committee (1972) andd tha:

Holzer £1973) did not take into account the varying precision of the
data over tme. Holzer (1878, p. 4694} states tha! the formuiz for
the "stardard deviation for random arror” was used. but incor-
rectly ciied Table 4 instead of Table 1. Moreover. the toxts in both
tables (Holzor, 1979) are expicit about which formula was used.
Raymond and cthers (1980} are correct when they note that the
precision of leveling has improved over the 1905 77 time period
coveraed by the data that were used. [his improvemeni resulted
from refmements in procedures and eguipment. | ook this into
account by usng {or all surveys the slandard error formuia that
appied fo the carliest (1805) survey. 2mim (K)'2 (Vanicek and
othors, 1980, rather than using the formala 05 mim (K32 sited in
the Federal Geodetic Control Committee (1974, 1able 1), This was
dore because the error formula published in the Committea repornt
apolies only 1o post-1974 surveys. The practicai significance of this
i that the calcuiated standard deviations | cited are conservative,
Lo, thoy tend to overestimate the random crror If furmulac appro-
oriate to the vintage of leveling are used {(Vanicek and othors, 1980),
smaller rancom errors dre indicated so that the observed uplift be-
comes even more statisticaly significant than was osiginally ro-
pored. For exampic, the 19481967 indicated upifts of 6.3 and 7.5
cm at bench marks W277 and Poston have an uncertainty {two
standarg deviaticns} for random error of £ 2.4 and = 4.1 cm, re-
spectively instcad of ¢ 3.7 and + 6.4 om originally reported by
Holzar (1979, Tabie &), Holzer {1979} also rocognized evidence for
possible systematic error in the leveling data. Because the anaiysis
al this error is noi questionaed, the reader is referred to Holzer (1979)
for discussicn. ! is worth noting that even according to the error
anaysis by Baymond and others (1980), the observed unlift of 6.2
cm of berich mark 1338 is greater than their estimated crror of = 4.8

. Raymond and others (1980) are incorrect when they imply that
Hotzer {1979} noted a crustal uplift of 6.2 cm at bench mark D367
from: 1448 to 1967, Beneh mark [367 was not set until 1967,

The scoeond question raised concerns the wide spacing of
hench marks and their disturbance and destruction, The spacing
between bench marks for which clevation changos were com-
outed s gigrdicant because curnulative distance dlong tha lovet-
ing line fromy the reference bench mark deermines the acouracy of
computed clevation changes (Raymond, . H., oral communica
tion, i980). This offcct is considered 0 the formulae for random
and systemalic errors that were used in the accuracy analysis in
Holegr (3879). As noted praviously, the obsarved uplift is siatisti-
cally significant. Bonch-mark destruction should have no effect on
the accuracy of surveys, but does decreasc the resolufion of the
chsorved uplift because the namber of hench marks is diminishsd
al which changes of elevation can be computed. Obviously, if the
upiift had beer observed at a single bench mark, any conclusions
wolld be very tenucus because a single mark might have been
teerecognizably disiurbed. Uplift s indicated, however, hy severa
bench marks in both the Casa Grands and blorence areads (Halzor
19749, Figs. 44 and 5} Haymend and others (1980) also cite oench
mark disturbance as a problem, but mention only one example,
uench mark 1338 (aisc stamped T2/7). Acczording to Naicnal
Goodolic Survey records, this mark wess distarbed pror 1o June
1248 when it was recovered, The distbance was tting of the
nipe on which the tablet was set. The mark, howover, prosunably
was firm. The releveling ir 1248 was dong in July, and the Nationa
Geodetic Survey noted ne additionas disturpance of the meark dur-
ing recovery in 1967, Hence. ihoe computed change of clevaton at
bench marxk 1338 from 1948 1o 1867 would aopear to be unaf
fecled by csturbance. Disturbance might affect the change of
elevai on computec at 1338 for e period 1905 1948, | nspected
this mark cn March 8 3977, fnding it in geod condition. noany
case, the disturbanca of this mark shoulg ne: have affectec com
nuted cnanges of elevazon of other marks aiong the line for boib
the: 1905 48 and 1948-67 periods.

Baterercing of the glevation changes 6 a single Benck mars,
aHo was cacsuoncd by Haymond and olbors (19805 on the

sl thattbe mark may bave ocea unsichio aliheugh no oy cence
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for such instability was presented. This question ignores the cvi-
deace 1o the contrary, namely the chsenvation that berch mark
17283 1 part of a 45 K long segment of the laveling ling along
which movements were small to negligibie from 1905 to 1867
(Hotzer, 1979, p. 4693). Any Dench mark or an average of sovoral
pench marks wihin this segment couig have been used as a refer
once mark. Bench mark 1283 was selectad because of s proxim-
ity t the arca of uplift. The practical effeci of selecting a more
distant mark would be to diminish the statistical significance of the
measured uplifl. Raymoend and others {1980) alsa "suggest that
biench 1283 should not be considered absolutely stable as Holzer
sugyestad.” Accarding to Holzer (1879 p. 4692), "the absalute
elevation of bench mark 1283 1s unknown, so that the terms uplift
and subrsidence are relative (o bench 1283, Because a presums-
biy tocalized crustal phenomenon is being examined, however,
conatusions from the present investigation should not be afected
by lacic of an absolute rofarsnce

SEISMICITY

A poterdial offect from man-nduced changes of stress in tho
earth's crust is fo igger secismicity (Raleigh and others, 1976,
Yerkes and Castie. 18Y8; and Castle and atners, 1980),
Mechanisms proposad for this sesmicity include changes of sur-
face load and changes of cffective stress caused by pore-
pressure changes. Particularly rolevard to south-central Arizona is
an carthquake sequence in Now York thal was attributed to crustal
unloading caused by a guarry operation (Pomeroy and others,
1976). Mast examples of man-induced seismicity appear to be
triggered phenomena because. in general, the man-induced
stress changoes are vory small relative 1o the inferred tootonic
stress. By analogy to the problem of resorvoir-induced seismicity
(Castle and others, 1980), evaluation of the potential for man-
induced seismicity in sowth-centrat Arizona requires censideration
of the present strass statle and how it is nglweter
withdrawal. Because south-condral Arivora has been aseismic bs-
toricaily and the magnitude of the man-induced siress change is
small, approximately 1 bar, the probability of man-induced scis
micity appears smalt However, man-induced seismicity has heen
observed in arcas of low natural seismicity (2.q.. Lake Moad; sce
Packer and others, 1977}, Hence, the jovel of naturat scismicity is
not izble indicaticn of whether or not man-induced
seismicity may ocour. In acdition, as stated in Holzer (39749, p.
46793, it may be pertment that prev:ousiy unexperienced seismic-
ity may have occurrcd in south-ce the 19703
{Peirce. 1975; Yerkes and Castle, 1976}, Although the cause of the
seisrmicity is controversial—some bave attributed i to senic booms
charneled by the atmosphere (Peirce, 1975) it may be related o
the: unicading dsscribed hore ™

Haymond and cthers (1280) argue that urloading due to
groundwater withdrawat 1s unlixely o induce esarthguakes in
south-cantral Arizona. They argue that Vit earthauakes may result
from unioading ... then carthquakos should have followed loading

t Lake Measd and comperable arcas” and oie expenence al
I_dkes, Powsll and Mead. This reasoning is fallacious. If & stress
changes in one direction tends (0 promate failire and seismicity.
ther a stress changs in the opposite direction should tend 1o pro-
mcte stability. Accordingty, the decreaso of local scismicity ob
served near Lake Poweli after impoundment or leading (Micke
1973), which Raymond and others {1980) cite as evidence llg.l”]c:l.
the possibily of man-nducod seismicity following unicading in
s;outh centra: Arizona, actually suiports the possitality of man.
nduced seismicity in unicacing situalions. This deduction of
couwsss gnores 1he sflects of differcnces in the state of stress

batweon arcas. | oadng can increase stability under some stross
siAles and cocrease i Lnaor offuws {0y, ser Snoew T872) Lx
perience at Lake Mead, were sasmicity increased after o

ooceie o thal a2 Lake
rihme the sosmis-

padrienend o dcading (Carder 18705, 5 ¢
Powes . Although Hay:n-’wmi ar‘:-’i ')1|'1ort; (“)B(‘-) 4
Iy Lo nore

Letween undorlying mocks and the resorvain other investigators
have concluded that "the post-impoundment seismicity may be
the rasult of siresses generated by the woight of Lake Mead™
{Packer and others, 1977, p. 39--40, emphasis acdded). These two
examples cited by Raymonad and others (19803 serve only to dem:-
onstrate that cur understanding of the seismichy rolated to the
impoundments at Lakes Mead and Powell is incompleie and doos
not provide an adequate basis for rejecting the possibility of man-
induced saismicity in south-central Arizona,

CONCLUSIONS

The questions raised by Haymond and others {83801 concemning
the validity of the rmeasured uplift from 1948 o 1967 are without
support and are based on misunderstandings of how geodetic
data are collected and reduced and on a misinterpretation of
Holzar (19/3), In fact. even by their own analysis the upiift near
Casa Grande is g valid observation. Admittedly. the uplift is smai
refative to potential error. Thiz concern led to the exionsive dis-
cussion of crror by Holzer (1879). By conventional analysis of
error, however the 1948 67 uplift near Casa Grande is siatisti
cally significant,

Rayimand and others {1880) aiso have nol aded convincingly
that man-induced seismicity will not be associated with the unlodd-
irwg i south - contral Arizona. Their argumerd against man induccd
saismicily in south contral Arizona, which s based on experience
at Lakes Poweil and Mead, can be challengad. 1o fac, the effect
observed &l Lake Powell argues for potential man-induced ses-
micity in south-central Arizona. By analogy to the prakxem of
reservoir-induced saismicity, evaluation of the potental for man-
induced seismicity in south-coeniral Arizon:g requires consideration
of tha present stress state and how it is altered by groundwater
withdrawal.
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STATE TRUST LANDS — 1979-1980

The State of Arizona, through the Arizona State Land Depart-
ment, administers the "state trust lands” which amount to 13% of
the total lands that make up the stale. Income generated by the
state trust lands goes to the common schools and 14 other ben-
eficiaries. In fiscal year 1979-1980 (July 1, 1979 to June 30, 1880}
$24,549,817 was gencrated, represonting an increasc of 26% over
the preceding year. Income is produced from state trust lands by
teasing, issuing permits and by selling minerals, tand and timboer,
in addition to other aclivities,

Most of the siate fands were under lease during 1879 and 1880,
Because the Land Department employs multiple-use practices,
some lands were covered by more than cne type of ieass. In fact,
there were 13, 617 active leases in 1979-1380, totaling 17,164,604
acres, The total amount of state trust land is almost 9.582,000
acres. Leases are granted for "mingrals,”" "common mineral mate-
rials,” off and gas, gecthermal, agriculture, commerce and graz-
ing. Prospecting permits and special use permits are also granted
by the Land Department. “Mineral” leases are for meials, such as
copper. goid, uranium, etc., whereas "commaon mineral materials”
{also known as industial minerals) arc for sand and gravel, de-
composed grantte and building stone, ete. “Common mineral ma-
terials” are sold by the Land Department at public auction with the
highest bidder receiving the right to extract the materiais.

Revenues from state trust lands that were generated by mineral
rasources of relaled activities made up almost half of the total,
Copper contributed the largest amount, as can be seen Irom Ihe
summary below:

MINERAL-RELATED INCQME

Rovalties from copper leases $7,995,000
Royalties from other minerat leases 111,926
Royalhes from common minerai materfals 954,893
Cil and gas leases 1,822,144
Mineral leases and prospecting permits 288,597
Geothermat leases 61.567
Renlals on mineral leases 318wz
Total $11,266,019
OTHER INCOME
Agriculture leases $2.664,962
Grazing leases 1,244,578
Rights-of-way 1,100,830
Commerciai teases 1,019,330
Land sales {principat) 4,776,553
Land sales {interest) 1,039,899
Other 1 437,646
Total $13,283,898

STATE TRUST LANDS GRAND TOTAL $24,549,917

The above information was summarized from the State Land
Department's 1979-1980 Annuat Repert. Additional information
may be obtained from the Land Department, 1624 West Adams St.,
Phoenix, AZ 85007.

Geology Along the Lower Salt River

The Burcau has conlracted with Water ang Power Resources
Service (WPRS, formerly the Bureau of Reclamation} to produce a
strip geclogical map at a scale of 1:24,000 along the Salt River
from Roosevelt Darm downstream to just below Granite Beef Dam.
The project falls under WPRS' safety of dams program, and is

Fieldnotes
March 1981

. Gowverso Bruce Bakbiat
Presicen: Jaas L Soaactoer

Yol 11, No. 1

State of Arizona . U
dreversity of Arzona L. L
Sureau of Geology & Mine:

designed t provide basic lithologic and structurai data for a Drector . o Wk H Dresher
mile-wide strip on both sides of the nver, {o assist in first-crder State Geolog st e oL Lany D Felows
planning procedures for WPRS-related prajects on the river. The E_“J‘l{_’r’awr ------ e L e Mates o :‘r:‘;je“;mcﬁ‘;ﬂf“
upstream two-thirds of the project is complete with the final report S ShE o Avoe PanVaesen Al y e
in preparation, while work on the downstream one-third was under
way in February 1981,
The Dureca of Geolegy anc Mineral Tecanology -s o viscr of the Uy versry of Anzoaa, aa Lacal Oppartaestyfaffitmanye Ao-an Emgaleyer
grore Of AfiGZOﬂO . [ NON.PROFIT Q%5
vreau of Geology and Mineral Technology US. POSTAGE
845 N. Park Ave, PAID
Tucson, Arizona 85719 FERMIT NG, 190
602/626-2733 TUCSON, ARIZONA
5410

DEBBIE STRUMSACKER

UURI EARTH SCI LAS

391 CHIPETA WAYs SUDITE A

SALT LAKE CITY UT 84108



