Further information to clear
up possible confusion from
Bisbee meeting.
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Hydraulic Geometry for
Beginners

At a particular location on ariver the discharge

(Q) can be expressed mathematically as the

product of width (w) x mean depth (d) x mean
velocity (v).

Or,Q =wdv

LEOPOLD, L., and MADDOCK, T. JR, 1953, .The Hydraulic Geometry of

Stream Channels and Some Physiographic Implications: USGS
Professional Paper 252, 57p.
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Streams with natural alluvial channels, like the San
Pedro once was, form their own geometry. Engineers
and geologists have developed a method (the
hydraulic geometry method) of defining this channel
geometry as follows:

“These relationships at a given channel cross section ...
are greatly similar even for river systems very different in
physiographic setting. The relationships are described by
the term *hydraulic geometry.”” (Leopold and Maddock,

p.l).

Q=area X velocity, or, =wdp

substituting from the above
Q=aQ"XcQ' XkQ"

Q=ack@™m
It follows therefore that

b+f+m=1.0 (]
aXexk=10 (]

or

and
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Since the 1970s the USGS has conducted a series of
studies (with many reports) to develop empirical relations
among discharge characteristics and geometry variables
of alluvial stream channels. This effort refined and
improved on the classic work of scientists like Leopold
and Maddock. The method by Osterkamp (1980) used for
this study of the San Pedro River is an example of such
refinement. Osterkamp found that for alluvial channels in
the western US, discharge was the principal control of
channel size and sediment characteristics largely
determine channel shape. After discussing the method
with Waite Osterkamp, the author thought his method was
the best available for this analysis.

Osterkamp, W. R., 1980, Sediment-morphology relations of alluvial
channels: Proceedings of the symposium on watershed
management, American Society of Civil Engineers, Boise Idaho, p.
188-199

Alluvial channel hydraulic geometry is used
for many purposes. For example, it is used for
stream channel restoration and channel
design.

United States Department of Agriculture,
2007, National Engineering Handbook--Part
654 Stream Restoration Design: Natural
Resources Conservation Service, 48 p.
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“Using discharge and channel geometry
measurements from U.S. Geological Survey
streamflow-gaging stations and data from a
geographic information system, regression
relations were derived to predict river depth, top
width, and bottom width as a function of mean
annual discharge for rivers in the State of
Washington.” (Magirl and Olsen, p1)

Magirl, C. S. and Olsen, T. D., 2009, Navigability
Potential of Washington Rivers and Streams
Determined with Hydraulic Geometry and a
Geographic Information System, USGS Scientific
Investigations Report 2009-5122, 23p.

The State of Washington study was fatally flawed and
the estimates of channel width and depth were useless.
The authors readily admitted the following issues:

* Many sites along channels were affected by man-made
structures,

*Both base-level and mountainous tributary stream were
part of the data set,

*Finally, anthropogenic impacts on rivers and streams
that alter channel geometry were not explicitly analyzed
for this study. Instead, all rivers, whether free flowing or
highly modified, were analyzed together as one
population.
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It's interesting to examine the average annual runoff
(predevelopment) at the USGS Charleston gage (09471000)

Average annual runoff vs Drainage area
(estimate of runoff at Charleston gage)

The average annual
runoff corresponding to - e
the drainage area of

1,234 mi? is about 62 cfs : > # e
using the relation to the "
right. ‘2

The runoff is 10 cfs greater than the annual mean
streamflow of 52.1 cfs for water years 1904-2012

Meanorssess davs sy 27,2013 Slide 97 of Bisbee ppt.
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Runoff (pre-development streamflow) versus Drainage area 2 °f2
A comparison of values from various sources
Relation (dashed line) is estimated
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USBR, 1952, Report on Water Supply of the Lower Colorado River Basin: US
Department of Interior, Bureau of Reclamation Project Planning Report, (p. 152),
444 p.
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Early Mining

Evidence of copper production
suggests the base runoff of the San
Pedro River at the Mexican border and
above Lewis Springs was greater than
the base runoff of several models of
groundwater that used 1940 as starting
point of development.

Consider the next 8 slides

7/31/2013
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Water Requirements of the Copper Industry

According to the USGS a little more than 25 gallons of
water is used for the production of one pound of copper
from domestic ore (abstract of USGS WSP 1330-E).
This amount compares well with the use of 28 gallons
per pound given in slide 74 of the ANSAC report by
Hjalmarson, PE, May 24, 2013.

Mussey, O., 1961, Water Requirements of the Copper
Industry, Present and future water requirements for the
mining and metallurgy of copper: GEOLOGICAL
SURVEY WATER-SUPPLY PAPER 1330-E, 44p.

The Cananea mining enterprise controls water use
at the headwaters of the San Pedro River. “The
large copper mining operation in Cananea, Sonora,
began in the 1880s. Water came from nearby
springs and both surface water and groundwater in
both the San Pedro amd Rio Sonora watersheds.”
(Stromberg and Tellman, 2009) This very large mine
supports a significant part of the population of
Cananea, the largest city on the Mexican side of the
basin.




“Pumping in the Cananea region, located in the
far southern portion of the watershed, is too far
removed to directly impact groundwater in the
Sierra Vista sub-basin. However, pumping in this
area undoubtedly impacts the baseflow of the
river near Cananea.”

CEC, 1999, Ribbon of Life-An Agenda for Preserving
Transboundary Migratory Bird Habitat on the Upper San
Pedro River: Commission for Environmental Cooperation,
Montreal Canada, 32p.

“After a second ore body was discovered in 1884, Phelps
Dodge acquired the mines. By the mid-1880's, the
Copper Queen’s smelters were turning out more than
20,000 tons of ore annually. By 1900, Phelps Dodge
recognized the need for new smelters.” USDA, 2000.

USDA, 2000, Soil Survey
of Cochise County,
Arizona--Douglas-

Tombstone Part: United

States Department of
Agriculture, Natural
Resources Conservation
Service, 733 p.

7/31/2013



7/31/2013

In the Cananea mine area Mowry discusses
historic mining activity and perennial springs
such as “...water comes from copious springs
...” (page 105) and “.... a permanent stream at
the foot of the mountains, about a mile or a mile
and a half from the mines.” (page 104)

Mowry, S., 1864, ARIZONA AND SONORA: THE
GEOGRAPHY, HISTORY, AND RESOURCES OF THE

SILVER REGION OF NORTH AMERICA., 251p.
(SYLVESTER MOWRY, OF ARIZONA, GRADUATE OP THE U. S.
MILITARY ACADEMY AT WEST POINT, LATE: LIEUTENANT THIRD
ARTILLERY, U. S. A., CORRESPONDING MEMBER OF THE
AMERICAN INSTITUTE, LATE U. S. BOUNDARY COMMISSIONER,
ETC., ETC., ETC.,, #rd edition: NEW YORK: HARPER & BROTHERS,
PUBLISHERS, FRANKLIN SQUARE.)

Soxonaa

(Speclal Correspondence.) —Mineral exports through the
customs house at Agua Prleta during the month of October
was valued at 13,755,800, being an Increase of 450,700
over the precedlng month. Consldering the condition of
the country, the inerease in exporis of mineral I8 nothing
short of remarkable, and the amount of last month Is the
Iargest ever shipped through that port in any one month
beretofore. The October gross smelter production of the
Cananea smelter will be a 1little over 7,000,000 1b, Of that
amount the output from the Cananéa company's own ores
wlll be in the nelghborhood of 2,800,000 1b. Over 40 ft.

November 22, 1913 MINING AND SCIENTIFIC PRESS, p. 833




Cananea (1916) was a community of 16,000
inhabitants, located 40 miles south of the international
boundary line, on a branch railway of the Southern
Pacific lines of Mexico. (Weed, p. 1683)

Weed, W., H., 1918, INTERNATIONAL EDITION, THE MINES
HANDBOOK, AN ENLARGEMENT OF
" THE COPPER HANDBOOK”
A MANUAL OF
THE MINING INDUSTRY OF THE WORLD
Nature of Ore Deposits, etc.
VOL. Xl

Supplementing Volumes | to XII
PUBLISHED BY W. H. WEED

29 Broadway, New York City

1918P

1916 THE MINES HANDBOOK, 1922

plant, reverberatory furnaces for smelting ﬁne ore and Great! Falls type
Bessemer converters 12’ in diameter.
The company owns and operates 36 miles of standard and narrow

gauge railroad, including branches, spurs and sidings connecting with the

Nogales and Naco branches of the Southern Pacific lines of Mexico and by
this line with the El Paso and Southwestern Railroad at Naco, Ariz.

The following table summarizes operations:

Ore Concentrated Cost of Products
Milling Smelter, tons
A b 782,989
$1,87 715,621
1.25 902,520
A 481,632

Production: output and earnings since beginning of operations—

Mng Coll E:r
Tons Con % Cn{per. Silver  Gold,

Mined per ‘l‘on Cn. b. 0. Oz.
e 43,672,939

41,404,810
52,694,731
24,711,204
48,663,381
16,335,081

.| . 48, !57 847
945 160 .. K 44.897,466
e spaisiag SESSCEREOSY

2,006,679

Employs 3,247 men, 211 of wheglpare not Mexicans,
in 1922 will cost $1,000,000.

7/31/2013
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The disappearing-reappearing
San Pedro River of
1855 and 1857

July 27, 2013 21

“Arroyo cutting is a process also associated with
streamflow changes. Early in the 1850s there was a
major impact on the channel, and later, large floods on
the unprotected river during the 1890s and 1900s
produced severe erosion.” (Arias 2000).

Arias, H. M., 2000,
International Groundwaters:
The Upper San Pedro River
Basin Case: Natural
Resources Journal, UNM
School of Law, Spring 2000,
Vol. 40, No.2, p 199-221.

July 27, 2013
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The disappearing-reappearing San Pedro River of
1855 and 1857

Four accounts of a “dry” river are interesting. The
account by Parke on his second exploration for a Pacific
railroad was during July 1855 and may be valid.

The other 3 accounts are were made in September
1857. One of these was by Tevis who was prone to
exaggeration. The other two appear to be by Hutton, an
engineer for the Pacific wagon road. His supervisor was
Leach who received Hutton’s report and placed his
name on the same report.

Consider the following 9 slides:

July 27, 2013 23

Turbidity of base flow

Turbidity makes the water cloudy or opaque.

Both Parke (July 1855) and Hutton (Sept.
1857) observed “turbid” water in the San
Pedro River that disappeared but reappeared
as “clear and limpid.” First, its odd that both
men would use nearly identical words.
Second, what is the significance of turbid base
flow in the river?

July 27, 2013 24
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A possible reason both accounts used
“turbid” flow followed by disappearing flow
that reappeared as clear and “limpid” is
because Mr. Hutton was an engineer on
both the Pacific railroad and the Pacific
wagon road explorations.

Nature-based runoff of desert
streams typically is clear. Thus, why
was the flow turbid in July 1855 and

September 18577

July 27, 2013 25

Context is important

High turbidity rivers
tend to be located
in watersheds
which have erodible
soils, disturbed
soils and stream
channels, and/or
significant
agricultural farming
activity. (EPA
Guidance Manual,
Turbidity Provisions,
April 1999).

July 27, 2U13
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In fact, there were continuous diversions
by Indians through 1919

US Congress, June 30, 1919, Indians of the United
States, Hearings before the Committee on Indian Affairs,
House of Representatives, 66th Congress, on the

conditio In S,

14
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The San Pedro River was first surveyed by
Federal Land Surveyors (Harris) in 1877-79.

“The San Pedro River appears to have had
water throughout its length at the time of
Harris’'s survey (November and December 1879):
he measured the river as 23 to 36 ft wide at most
locations, and as wide as 56 ft at a few places.”
(Sayre, p. 105)

Sayre, Nathan F.,, 2011, A History of Land Use and
Natural Resources in the Middle San Pedro River Valley,
Arizona: JOURNAL OF THE SOUTHWEST, Volume 53,
Number 1, Spring 2011, p 87-137.

7/31/2013
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Also, there was streamflow at all of

the 159 crossings of the San Pedro

River when first surveyed by Federal
Land Surveyors in 1877-79.

Huckleberry, G., 1996, Historical Channel Changes on
the San Pedro River, Southeastern Arizona: Arizona
Geological Survey Open-File Report 96-15, 37p.

July 27, 2013 35
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Floodwater farming in the valley is implied due
to evidence of the San Pedro River as a
perennial stream, abundant habitations along
its course, and by large cleared areas along the
floodplains of small tributary drainages. Some
evidence of prehistoric irrigation has been
found along the lower San Pedro in the
Sonoran desert region of the river.

Arizona State Land Department, 2007, Arizona Stream
Navigability Study for the San Pedro River: revised by JE
Fuller Hydrology & Geomorphology, Inc.

July 27, 2013 36
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“The San Pedro valley is next reached, and
lying some ten or twelve feet below the
bottom land, unmarked by trees, the river is
not observed until at its very margin. It was
here about thirty feet wide and two and a
half deep. Its depth varies with the rainy and
dry seasons.” (Page 184)

July 27, 2013 38
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Mowry 1864 7 of 9

" On the San Pedro route water is abundant
and convenient in the entire valley of the Rio
San Pedro.” Besides this permanent supply,
“water is found, after the rains, on the playas
and in depressions in the drains.”

(page 219—quoting Lieutenant Parke of the
The Southern Railroad Route to the Pacific.)

July 27, 2013 39
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“Throughout the whole course of the San Pedro there
are beautiful valleys susceptible of irrigation and capable
of producing large crops of wheat, corn, cotton, and grapes
and there are on this river the remains of large settlements
which have been destroyed by the hostile Indians, the
most conspicuous of which are the mining town of San
Pedro and the town of San Cruz Viejo. There are also to
be found here, in the remains of spacious corrals, and in
the numerous wild cattle and horses which still are seen in
this country, the evidences of its immense capacity as a
grazing country.” (page 94, Vol. 1)

Report on the u.s. and Mexican Boundary Survey, Vols I-I/.,
1857, U. S. 34t Congress, 1st Sess., Sen. Exec. Doc. 108,
H.R. Exec. Doc. 135, Washington. D.C., Emory.

July 27, 2013 40
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“It is this latter character which sufficiently

90of9

accounts for the fact that the San Pedro is the
only branch of the Gila River, coming from the

south which furnishes

an uninterrupted stream

of running water along its whole course.”

(page 18, Vol. 2)

Report on the U.S. and

Mexican Boundary Survey,

Vols I-I/., 1857, U. S. 34t

Congress, 1st Sess., Sen.
Exec. Doc. 108, H.R. Exec.
Doc. 135, Washington. D.

GEOLOGICAL REPORTS

PALEONTOLOGY AND GEOLOGY OF THE BOUNDARY,

C.

CHAPTER 1, GENERAL GEOLOGICAL
FEATURES OF THE COUNTRY.
July 27, . WASHINGTON, D. C,, April 1, 1852.

Center, 1858, p. 31-32).

A description of an 1858 fire along the San Pedro River is
particularly graphic: members of the Leach Wagon Road
party set fire to a sacaton grass swale, and "the entire
length of the Valley of the San Pedro was traversed by
the flames consuming every vestige of this once

luxurient growth" (National Archives and Records

Turner, R. M., 1974 , QUANTITATIVE AND HISTORICAL EVIDENCE OF
VEGETATION CHANGES ALONG THE UPPER GILA RIVER, ARIZONA:
GEOLOGICAL SURVEY PROFESSIONAL PAPER 655-H, 20 p.

Direct runoff and sediment yield can increase

significantly after a

major fire.

July 27, 2013
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Conservative approach to
this analysis of
navigability along San
Pedro River.
2 0f 6

Predevelopment hydrology (base runoff) probably
under estimated for following reasons:

» Models of ground water typically were based on
assumption that 1940 conditions represented
predevelopment. Natural base runoff probably was
greater than that for 1940. (slides 17-22)

« Based on more recent analysis by Anderson and
Freethey, 1994, in USGS PP1406-D, the base
runoff (Qg,) used for the analysis probably is low
(USGS HA-664 by Freethey and Anderson, 1986).
(slides near end of appendix).

July 27, 2013 44
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» Discharge to springs in the lower reach was not
considered part of the base runoff. (near end of
appendix).

» The base runoff at the Mexican border does not
account for the water consumed at City of Cananea
or the Cananea mine. Several GW models ignored
base runoff at Mexican border. (slides 73-78 ).

* The loss of base runoff to ET does not consider the
possibility that predevelopment ET was 40% of post
1970 losses to ET. (Appendix slides 23-24).

» Our limited understanding of base runoff associated
with the stream alluvium (slide 55).

» General uncertainty of predevelopment conditions.
(slides 7-9, 16-35).
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Predevelopment depths probably

under estimated as follows:

A minimum predevelopment sinuosity of 1.5 was
used for the analysis, instead of a possible 2.0. This
minimum sinuosity agrees with Leopold and
Wolman who had “suggested that a sinuosity 1.5
marks the lower boundary for true meandering,
although most later authors agree on a somewhat
lower threshold sinuosity of 1.3.”

Lagasse, P. F., and others, 2004, Methodology for Predicting
Channel Migration: Transportation Research Board of the
National Academy of Sciences, 213 p.

7/31/2013

23



50f6

A minimum likely predevelopment sinuosity of 1.5 produced
a maximum channel slope with corresponding greater flow
velocities, shallower depths and smaller widths.
Conservatively low estimated depths mostly accounted for
the following:

» Small riffles that are typical of meandering stream like the
natural San Pedro,

*The few hard rock constrictions along the river where the
natural channel slope may have been more than the typical
channel slope. (Recent channel slope below these
restrictions probably is greater than the natural slope was
as channel material has been removed (by head cutting)
downstream from these hard rock areas.

July 27, 2013
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Reasons for the conservative approach

*Alternating gaining and losing reaches along the river.
Non-uniform base flow is result of varying rates of
mountain front and stream channel recharge along the
river, sediment deposits at mouths of tributary streams
and variable hydraulic characteristics of stream alluvium.

*Possible multiple channels for short reaches.
*General accounting for recognized variable

hydrologic/morphologic conditions, such as small riffles,
that are typical along natural rivers like the San Pedro.

July 27, 2013 48
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