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Geochemical Assessment of Metals and Dioxin in
Sediment from the San Carlos Reservoir and the
Gila, San Carlos, and San Francisco Rivers, Arizona

By Stanley E. Church, LaDonna M. Choate, Marci E. Marot, David L. Fey,

Monique Adams, Paul H. Briggs, and Zoe Ann Brown

Abstract

In October 2004, we sampled stream-bed sediment, ter-
race sediment, and sediment from the San Carlos Reservoir to
determine the spatial and chronological variation of six poten-
tially toxic metals—Cu, Pb, Zn, Cd, As, and Hg. Water levels
in the San Carlos Reservoir were at a 20-year low at an eleva-
tion of 2,409 ft (734.3 m). Four cores were taken from the res-
ervoir: one from the San Carlos River arm, one from the Gila
River arm, and two from the San Carlos Reservoir just west of
the Pinal County line. Radioisotope chronometry (“Be, 137Cs,
and 219Pb) conducted on sediment from the reservoir cores
provides a good chronological record back to 1959. Chronol-
ogy prior to that, during the 1950s, is based on our interpreta-
tion of the 137Cs anomaly in reservoir cores. During and prior
to the 1950s, the reservoir was dry and sediment-accumulation
rates were irregular; age control based on radioisotope data
was not possible. We recovered sediment at the base of one
4-m-long core that may date back to the late 1930s. The sedi-
mentological record contains two discrete events, one about
1978-83 and one about 1957, where the Cu concentration in
reservoir sediment exceeded recommended sediment quality
guidelines and should have had an effect on sensitive aquatic
and benthic organisms. Concentrations of Zn determined in
sediment deposited during the 1957(?) event also exceeded
recommended sediment quality guidelines. Concentration data
for Cu from the four cores clearly indicate that the source of
this material was upstream on the Gila River.

Lead isotope data, coupled with the geochemical data
from a 2M HCI-1 percent H,O, leach of selected sediment
samples, show two discrete populations of data. One represents
the dominant sediment load derived from the Safford Valley,
and a second reflects sediment derived from the San Francisco
River. The Cu concentration spikes in the reservoir cores have
chemical and Pb isotope signatures that indicate that deposits
in a porphyry copper deposit from the Morenci district is the
likely source of these Cu-rich sedimentary deposits. Copper
concentrations and Pb isotope data in premining terrace-
sediment deposits indicate that the Cu peaks could not have

resulted from erosion of premining sediment from terrace
deposits downstream on the Gila River. The chemical and Pb
isotope data also indicate that agricultural practices in the Saf-
ford Valley have resulted in an increased sediment load to the
Gila River since large-scale farming began, prior to the time
when the San Carlos Reservoir was built.

Analyses of dioxin, which is an impurity in one of
the herbicides used in the late 1960s and early 1970s, were
completed in sediment from one of the cores in the reservoir
to determine whether any of these pesticide residues have
accumulated in the reservoir sediment. Dioxin concentration is
expressed in terms of its toxicity (toxic equivalent concentra-
tion or TEQ). Concentrations of dioxin in the sediment ranged
from 0.68 to 1.37 pg/g and are less than any of the benchmark
concentrations recommended as threshold values for adverse
effects of dioxin in sediment (> 2.5-10 pg/g).

Introduction

Mining activity, particularly open-pit mining, is a massive
operation, resulting in the excavation, moving, and crush-
ing of very large volumes of rock to remove the metals that
are required to supply the global economy. Phelps Dodge
Morenci, Inc., operates the Morenci open-pit Cu mine located
on the San Francisco River near Clifton, Ariz. Open-pit min-
ing did not begin in the Morenci district until 1937 when
stripping of surficial material began (Moolick and Durek,
1966). Since then, a very large tonnage of rock has been
removed and processed at this site. The Morenci open-pit mine
is one of the largest in North America (http://lead.geosys.t.u-
tokyo.ac.jp/mogi/US/Morenc1.html). Processing of this ore
from the open pit began at the site in 1942. The total past
production and proven reserves at the Morenci deposit exceeds
6.7 billion metric tons of ore at a grade of 0.42 percent Cu
(Enders, 2000). Phelps Dodge Morenci, Inc., processed more
than 300 million metric tons of ore and produced more than
450,000 metric tons of Cu in 2003.
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The Morenci porphyry Cu district is located within the
headwaters of the San Francisco River, a tributary of the Gila
River, 190 river km (120 mi) upstream of the San Carlos
Reservoir. The deposit was exposed in Chase Creek, which
cut through the area of the open-pit mine and is a tributary
of the San Francisco River. Phelps Dodge Morenci, Inc., has
taken numerous steps over the past 2 decades to eliminate or
reduce release of contaminants to the San Francisco River
from the Morenci open-pit site. The San Carlos Reservoir is
located about 100 km (60 mi) east of Phoenix, Ariz., on the
Gila River. The reservoir was constructed in 1929 and began
filling in October 1930. The reservoir is used for irrigation and
recreational purposes and contains a substantial freshwater fish
resource. This reservoir acts as the major sediment catchment
basin on the lower Gila River and thus retains an integrated
sedimentological record of upstream activity. The reservoir
sediment contains a record of environmental changes that have
affected aquatic resources over the life of the open-pit mining
operation at Morenci.

Purpose and Scope

Phelps Dodge Morenci, Inc., is actively mining for Cu at
the Morenci deposit near Clifton, Ariz. Our understanding of
the environmental effects of metal mining on aquatic life has
increased substantially since the mine began open-pit opera-
tion. We were asked by the Bureau of Indian Affairs, on behalf
of the San Carlos Apache Indian Tribe, to assess the possible
impact that mining activities upstream may have had on the
aquatic resources in the reservoir because several of the metals
associated with porphyry Cu mineral production are known to
be potentially toxic to aquatic life. Sampling of the San Carlos
Reservoir—and the Gila, San Carlos, and San Francisco
Rivers—was undertaken October 20-29, 2004, to evaluate the
source of metal anomalies in the reservoir sediment.

Herbicides were used extensively during the 1960s and
1970s to eradicate tamarisk on the Gila River flood plain
upstream of the San Carlos Reservoir. Dioxin is an impurity
formed during the manufacture of some of these herbicides.
Analyses of dioxin in sediment were preformed to determine
whether the dioxin concentrations exceeded the toxicity
thresholds for aquatic life in sediment from the San Carlos
Reservoir.
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Previous Work

The San Carlos Reservoir is an irrigation reservoir
formed behind Coolidge Dam, which was built in 1928-29
(fig. 1). The Gila River watershed upstream of the dam covers
an area of about 33,000 km?2. The headwaters extend east into
New Mexico. Elevations range from more than 2,000 m in the
headwaters to 744 m at the dam. The study area is a part of the
border lands of the Sonoran Desert in Arizona. Temperatures
range from —12°C to 46°C, and the study area receives an
average of 214 mm of rain per year (75 to 445 mm/yr; Sell-
ers, 1960; Culler and others, 1982), mostly during the winter
months.

Burkham (1970) analyzed historical annual discharge
records of the Gila River from 1868 to 1967 and demonstrated
that rainfall varied substantially on cycles of 30 to 60 years.
Peak rainfall occurred between 1875-90 and 1905-25, with
long periods of low rainfall from 1890-1905 and 1925-68.
Native vegetation in the area includes mesquite, ironwood,
palo verde, catclaw, acacia, and several varieties of cactus
in the lower valleys, and native grasses, scrub oak, juniper,
and pindn pine in the higher elevations (Kamilli and Richard,
1998). Saltcedar or tamarisk has extensively replaced seepwil-
low and cottonwood along the banks and on the flood plain of
the Gila River since 1944 (Turner, 1974).

The Gila River reach immediately upstream from the San
Carlos Reservoir was studied extensively by the U.S. Geo-
logical Survey (USGS) in 1963-72 to evaluate the effects of
evapotranspiration by tamarisk (Tamarix pentandra Pall.) on
the water resources in the reservoir and the effectiveness of
various tamarisk eradication practices on the Gila River flood
plain (Culler and others, 1970). Detailed summaries of sedi-
ment accumulation, water budget, and effect of phreatophyte
vegetation on the storage capacity are summarized in detail in
U.S. Geological Survey Professional Paper 655 (Culler and
others, 1970). Various chapters in this Professional Paper dis-
cuss the geomorphic, sedimentation, and discharge history of
the Gila River and its effect on storage capacity and water use
in the San Carlos Reservoir. Growth of tamarisk, also known
as saltcedar, became so prevalent on the Gila River flood plain
that vegetation impaired flow in the Gila River upstream of
the reservoir during periods of heavy rainfall, threatening the
upstream population and filling the reservoir with debris. The
phreatophyte project evaluated the use of several herbicides
as well as mechanical clearing of the flood plain as mecha-
nisms for removal of these invasive species and restoring the
ground water to earlier levels. Burkham (1972) showed that
the changes in flow regime and the stabilization of the river
banks by tamarisk subsequent to the development of the San



Previous Work

110°
= T Uand | Tonta Like ] ot Q L/ Mgy
F 2 - T et Bonito R M/ S AR
3 rairie
Y g § ) e oo s e 14|
Vessos savee /. - d
i e g '
A sawmin © Siore 360~ S | |
i 6093 / sass — i S OOLO RP*DO | o SANTE FE
3 g ]
b @;I ~ oy { J G , ARIZONA | Albuquerque ‘. 4
8 ¢ 1 N {
¥ :\/ S el # Vhray, A ey Gila River | NEW MEXICO | |
261 <a7s & ise /0 & | secne 7 ila Rivi A '
e Butte \_ S| e o -‘ '
o v, S ke o 34 watershed e
o, N 1 w jo o~ L, I, ;  PHOENIX, o 1,
g o - .
- e, il lr P &g ! Rive B
tte '5h Natural Coreal iver. A r N \0
“Mesa o ~ \-'\’1 wes2z N, ¢ G \"
A 5 3
\ y.f Antelope § < h e (7\ \‘330 Tucson o P J
SOUTHERN RIVER FIat, . a0 PASE\Q T LINE ) ;\L y - $ Mapte 1
SGison .Q)San Carlos _mt d ¥ 1 O G ~__ v : 479 “pegk
5299" Triplet 7~ — %’, . - —— 1
Bucket , ; « % T s 0 100 MILES ¢ Zcosson i }
Min 4 Va
Ash : Flat < (\ [ R | - '
P \; I 6715 ,%}\ /] ‘f)’ia‘h/ .
S QAarsenic Tubs ;292 R G R E E N }_ E E
- 101 Ma ! \ 4 = Elevat mh% c6133 Mitchell |2 “Patmund  ezere
58 A evator Mt )
) S =< : ' 04SER <4 4 N 62704 Black ﬁ» R Shs 5{ Iy RS \
o ) VNN L 19 R Mesa S <
L essis o ENAR e Gila P, - o ( Taramtieo | G ¥ o / 2
‘g’c, cooLol O AL S f] e - */ ~o / § (q‘) Bpldy Mn |
NI ¥ Y
2 28 J n Morencifdistrict| 2 - Sunset Pk
04SCR112 (+ Sy S Yo | seeme L g L I N
17 4_'£, % ' 1 - — —esse 4’0»,,-,0 % \I
U < ; 7 7) > 043GR1R0 o M
% Mount ot g o s0220 I
5296 * M s foimo & ] 3 e
\L PP BN \ / ré% | 1 & Plnntsile\ Clifton & IMaverick
[ Rawhide 4o, i —— A N i s S Dgs Pobri 6I§CR 71 i )
- " i 5 %
= - 76 Shney 205V 21 P2 23/:\‘ \adtan rzs 7298+ "T ;Pr\ 5 {UD e W
obioe | om. | ""%“ 5 " 04SOR1Z A\ o\ ot Sorings Bee M/ Q\ 1= 5 A
330 iy . e AT NTR WA a_)g °H A ( &h/ " L/ |
/m\ | gt — & u/sa\‘:li e, g ek R Gild AR s4p
o Arlaina, 1 P K (SuCE; [ SCRT22 (}Q&/ l
75 . ST NS 5
& ~ 7 Jacksoj 7R K 0 )
o 7 1 e b
k wegnero YA Ky e <5203 - . "“C\<“5“2¢7!’“ LR al
Pl AN ot b 2 o % 5
Y R X] | i 350
I Y r +> ; hatchavs S ,
[ F7 e E 1 n Donemaye e P sy o j e N E- n,-@.u,.ﬁl‘
6158’ G [\ & £ &
v l r B Y < e B e
@ o I =l 1{4‘ % = \ L z . 7 o % [l
7 g iz VNS ‘.? cactus Fipto ;|3 N - NS "\
8= [ ) codo-pont’™! ) ' %Swll);'lrml\ Ao o N
Al R -~ i Slick. Duncal
- Q/(@ e s A Y ,11 - M7 Jupetion X . A ro o)
/ % mr| L Ne | & ) N Dy =
XU AR Al 7 St 5 S 2R YK e |
ol : K \ y paak \5 & 2 \ ¥ \ o 3
, g
11035 S Flenny(;t d 148%20| - \ 5/ witesk g %
o1t — o1 R 3 73 o,
33°16 33 1/0 /_ov 5 Tl O ) 5 - ~
LI A [ e
B 2, : 7 Lake s
i OC i 7?./ x‘p% / 4182+ 30 "'S\I 31 7”/‘” 32
25 26 27 - 28 29
LLEL 4 [—— -3 SOUTH / - TGands 3 )
092+ % LA S o\ ®
e e /s N e
o | Willow S < &?\/ T ~ \ 526!
. n
Gila Rive,.

o EXPLANATION
San Carlos 045CR102 04SCRIT
Reservoir 04SCR101

A Stream-bed sediment
O Reservoir core

’ Known porphyry Cu deposit

339’

Scale 1:250,000
110°35'

33°%9’
110°20°

WIO [IJ 10 20 3;0 4IO MILES

T T
10 0 10 20 30 40 50 KILOMETERS

Figure 1. Regional mineral deposit and sample locality map (scale 1:1,000,000). Samples collected during this study are shown plotted on the

Gila, San Carlos, and San Francisco Rivers and in the San Carlos Reservoir (outline shown on inset map of San Carlos Reservoir at elevation
of 2,430 ft; water-level elevation at time of sampling was 2,409 ft; scale of inset map is 1:250,000). Locations of porphyry Cu deposits from Keith

and others (1983). Base map from U.S. Geological Survey (1974), scale: 1:1,000,000, NAD27 datum, Lambert conformal conic projection based on
standard parallels 33° and 45°.



4 Assessment of Metals, Dioxin in Sediment, San Carlos Reservoir and Gila, San Carlos, and San Francisco Rivers, Ariz.

Carlos Reservoir has substantially changed the flow character-
istics of the Gila River and has drastically affected the width
of the active flood plain, causing it to incise. Furthermore,
tamarisk has replaced native species of riparian vegetation and
resulted in changes in the ground-water flow regime. Cull-

ers and others (1982) demonstrated that evaporative loss by

San Carlos Reservoir elevations, 1930-1949
2,550

removal of phreatophytes, mostly tamarisk, from the flood
plain immediately upstream of the San Carlos Reservoir would
result in recovery of ground water lost by evapotranspiration
by about 50 percent, or from 43-56 in/yr to 25 in/year. How-
ever, some of these losses would not be realized if the flood
plain were planted in native forage grasses.
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Schmitt and Brumbaugh (1990) reported monitoring data
on environmental contaminants in biological samples from the
San Carlos Reservoir beginning in 1971. Studies of sediment
quality and metal and organochlorine concentrations in lizard,
avian, and fish filets were conducted in 1990 (Baker and King,
1994). According to Baker and King (1994), elevated pesticide
concentrations previously had been documented in starlings

San Carlos Reservoir elevations, 1970-1989
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(sturnus vulgaris) near Pima, Ariz., in the Safford Valley. One
fish tissue sample from the site at Ft. Thomas (site no. 7 on the
Gila River; Baker and King, 1994) was analyzed for dioxin.
No dioxin was detected in this sample at a detection limit

of 0.01 pg/g. We reoccupied many of the same sample sites
during this study to look at possible changes in trace element
concentrations in stream-bed sediment with time.
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Hydrologic Setting

Water levels in the San Carlos Reservoir vary greatly
throughout the year depending upon the demand for water by

Gila River discharge at Calva, 1929-1949

downstream users, but generally reach an elevation of 2,450

ft (749 m) in an average year. Data from the National Water
Information System (NWIS—http://waterdata.usgs.gov/nwis/
inventory) and from historical records provided by the USGS
gauge stations on the Gila and San Carlos Rivers and Coolidge
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Figure 3 (above and facing page).

Annual discharge records for Gila River at Calva (1929-2003;

USGS gauging station 09466500). Dates on x-axis expressed as month, day, year for maximum dis-

charge.



Dam have been used to construct the hydrologic history of the
Gila and San Carlos Rivers and their impact on water supply
and storage in the San Carlos Reservoir over the time period
following completion of the reservoir (figs. 2—4 and table 1).
The reservoir has gone dry during many years when precipita-

Gila River discharge at Calva, 1970-1989

Hydrologic Setting 1

tion has been low. Minimum and maximum reservoir eleva-
tions measured at stream gauge 09469000 at Coolidge Dam
are plotted by year over the life of the reservoir in figure 2.
Estimates of annual discharge for the Gila River from 1868—
1968 (Burkham, 1970, pl. 2) show distinct periods of low flow
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followed by major floods that occurred in 1874, 1891, 1905, sites, within 4.1 miles (6.6 km) upstream from the reservoir,
1906, 1915, 1916, 1941, and 1965-67. The inflow channel from 1962-65. A channel was excavated parallel to this sec-
of the Gila River became blocked by flood debris at various tion of the plugged natural channel in the summer of 1965 and

San Carlos River discharge at Peridot, 1929-1949
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Figure 4 (above and facing page). Annual discharge records for San Carlos River at
Peridot (1929-2003; USGS gauging station 09468500). Dates on x-axis expressed as month,
day, year for maximum discharge.
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has been maintained since 1966 (Kipple, 1977). Subsequent 1994 on the Gila River (> 35,000 cfs, fig. 3; gauge 09466500)
discharge records for the Gila River at Calva show that major and in 1936, 1940, 1952, 1953, 1965, 1977, 1978, 1991, 1992,
floods occurred in 1972, 1978, 1983, 1984, 1991, 1992, and and 1994 on the San Carlos River (> 10,000 cfs, fig. 4, gauge
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C

16,000 1
14,000 *
12,000 *
10,000 A

8,000 *

6,000

DISCHARGE, IN CUBIC FEET PER SECOND

=

4,000

2,000

o — o o~ ™ d o (=} ~ (== =z o — o o < [*z] (=] ~ (==} [=x3
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ [==] [==3 (==} (==} [==] [==] [==] [==] =<3 (==}
(=z] (=21 (=21 [=z] (=2 (=23 =23 o [=z] (=21 [=z] =z =3 =3 =3 =z] =z =z D =3 =3
=S S S S S S S 5 & 5 3 5 5 5 5 3 3 @ & = &
SR S = = S S S S S S R R
DATE
San Carlos River discharge at Peridot, 1990-2003
16,000 -
1D (Maximum at 20,000)
14,000 -
o -
S 12,000
Z |
(4]
w
w 4
o~
E10,000j
i
w
w
[ 4
(]
= 8000
3 |
o
= i
& 6,000
= |
<
pu g
(4] 4
22}
= 4,000
2,000 LI‘ ‘
0-1 L T T JL\ “lT'L T \J + \l
o — o~ o~ [se) =4 w0 (2= ~ [==] [=2] o — o~ [se)
D D [=2] [=2] D [=2] [=2] D [=23 j=x3 D =3 (=1 (=] (=]
e ¢ g g g g g g g ¢ & § § § §
S = = £ = £ £ £ £ T £ & g9 9 49
— — — — — — — o (=) o o =0 = =) o
4 =S =S < < < < <L < < < 9 9 N N
1= 1= = o S o o o o o B B o o o

DATE



10 Assessment of Metals, Dioxin in Sediment, San Carlos Reservoir and Gila, San Carlos, and San Francisco Rivers, Ariz.

Sources of data for San Carlos Reservoir depths by year.

Reference

Table 1.
Year(s)
1931 uU.S.
1932 uU.S.
1933 U.S.
1934 U.S.
1935 U.S
1936 U.S.
1937 U.S.
1938 U.S
1939 U.S.
1940 U.S.
1941 U.S
1942 U.S.
1943 U.S.
1944 U.S
1945 U.S.
1946 uU.S.
1947 uU.S.
1948 uU.S.
1949 uU.S.
1950 uU.S.
1951 U.S.
1952 uU.S.
1953 uU.S.
1954 U.S.
1955 U.S.
1956 uU.S.
1957 uU.S.
1958 U.S
1959 U.S.
1960 U.S.

09468500). Flow on the San Carlos River also exceeded

Geological Survey Water Supply Paper 719
Geological Survey Water Supply Paper 734
Geological Survey Water Supply Paper 749
Geological Survey Water Supply Paper 764

. Geological Survey Water Supply Paper 789

Geological Survey Water Supply Paper 809
Geological Survey Water Supply Paper 829

. Geological Survey Water Supply Paper 859

Geological Survey Water Supply Paper 879
Geological Survey Water Supply Paper 899

. Geological Survey Water Supply Paper 929

Geological Survey Water Supply Paper 959
Geological Survey Water Supply Paper 979

. Geological Survey Water Supply Paper 1009

Geological Survey Water Supply Paper 1039
Geological Survey Water Supply Paper 1059
Geological Survey Water Supply Paper 1089
Geological Survey Water Supply Paper 1119
Geological Survey Water Supply Paper 1149
Geological Survey Water Supply Paper 1179
Geological Survey Water Supply Paper 1213
Geological Survey Water Supply Paper 1243
Geological Survey Water Supply Paper 1283
Geological Survey Water Supply Paper 1343
Geological Survey Water Supply Paper 1393
Geological Survey Water Supply Paper 1443
Geological Survey Water Supply Paper 1513

. Geological Survey Water Supply Paper 1563

Geological Survey Water Supply Paper 1633
Geological Survey Water Supply Paper 1713

Geologic Setting

17,000 cfs during the 1965 and the 1967 flood events.
According to Burkham (1972), major floods in the period

from 1903-17 produced major changes in the Gila River flood
plain, ripping out many of the cottonwoods and willows that
stabilized the banks of the rivers and greatly widening the
flood plain from a few hundred feet to more than 1,000-2,000
ft. These changes are shown by a series of three historical
photographs in figure 5. Figure 5A, taken near Geronimo in
1909, and figure 5B taken near Calva in 1932 show a wide
flood plain with an anastomosing river bed that occupies a
broad flood plain. The Gila River has incised the flood plain
and, beginning with its introduction in the 1920s, tamarisk

or saltcedar has replaced the native flood-plain vegetation

immediately upstream from the San Carlos Reservoir (fig. 5B).

The 1964 photograph take near Calva (fig. 5C) shows how the
tamarisk has taken over the flood plain, causing the Gila River
to incise about 8 to 10 ft. The upper fine silt from the terrace-
deposit samples (samples 04SCR129Ta to 04SCR129Tg) at
Calva is interpreted to represent this major flood-plain recon-
struction period. The thickness of this terrace deposit at the
Bylas site (04SCR128, fig. 1) was more than 5 ft.

The Gila River upstream of the San Carlos Reservoir
drains the southwestern border of the Colorado Plateau
province in the headwaters of the San Francisco River into
the Safford Valley, which is a graben in the Basin and Range
province. Erosion in the headwaters of the San Francisco
River has exposed deformed Precambrian schist and gneiss
upon which were deposited both Paleozoic and Mesozoic
marine sandstone, shale, and limestone. These rocks were
intruded by granitic plutons ranging in age from about
70 to 55 Ma (Kamilli and Richard, 1998), some of which
formed the porphyry Cu deposits at Morenci currently being
exploited in the Clifton, Ariz., area (Lindgren, 1905). Fol-
lowing Basin-and-Range faulting in the early Tertiary, vol-
canic rocks from middle Miocene to Oligocene age (32-11
Ma; Richard and others, 2000; Kamilli and Richard, 1998)
covered much of the Paleozoic and Mesozoic rocks exposed
along the northern portion of the Gila River watershed. Ter-
tiary volcanic rocks covered the Morenci deposit. Subsequent
erosion in the late Tertiary, mostly from 13 to 4 Ma, resulted
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Table 1. Sources of data for San Carlos Reservoir depths by year—Continued.
Year(s) Reference
1961-1964 Surface Water Records for Arizona
1965-1974 Water-Resources Data for Arizona, Part 1: Surface-Water Records
1975 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-75-1
1976 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-76-1
1977 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-77-1
1978 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-78-1
1979 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-79-1
1980 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-80-1
1981 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-81-1
1982 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-82-1
1983 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-83-1
1984 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-84-1
1985 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-85-1
1986 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-86-1
1987 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-87-1
1988 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-88-1
1989 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-89-1
1990 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-90-1
1991 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-91-1
1992 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-92-1
1993 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-93-1
1994 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-94-1
1995 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-95-1
1996 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-96-1
1997 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-97-1
1998 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-98-1
1999 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-99-1
2000 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-00-1
2001 Water Resources Data for Arizona, U.S. Geological Survey Water-Data Report AZ-01-1
2002-2004 NWIS station number 09469000, San Carlos Reservoir at Coolidge Dam, Ariz.

in the formation of the supergene Cu ore body being mined
today (Enders, 2000). According to Enders (2000), the ten
areas mined at Morenci are all supergene ore deposits; that
is, deposits are of secondary Cu minerals produced by weath-
ering of primary chalcopyrite ore. The supergene enrichment
process removed Cu mineralization from rocks exposed at
the surface by weathering, and transported and redeposited
the metal tens to hundreds of meters below the surface,
below the paleo ground-water table. This process resulted

in an increase in the grade and uniformity of the Cu deposit.
The average grade of the supergene ore is 0.47 percent Cu
(4,700 ppm) and 0.01 percent Mo (100 ppm) over a thickness
of several hundred meters. By comparison, the leached cap-
rock overlying the deposit contains only 700 ppm Cu and 80
ppm Mo (Enders, 2000). The Morenci deposit was dissected
by Chase Creek and its tributaries, which deeply incised the
leached caprock zone and eroded into the supergene enrich-
ment zone prior to mining. Erosion from this drainage would

have raised the premining Cu concentration in sediment sup-
plied to the San Francisco River.

The Gila River basin also contains at least one additional
discovered, but unmined, porphyry Cu deposit (Kamilli and
Roberts, 1998). The Dos Pobres porphyry Cu deposit (fig, 1)
contains 5.8 billion 1b of Cu reserves (Keith and others, 1983).
They also reported Cu production from the San Juan deposit
(1903-78; 2,400 metric tons of Cu and 33 metric tons of base
metal production) and the Lone Star deposit (1904-66; 110
metric tons of Cu and 4.5 metric tons of Pb), all of which are
located on the south flank of the Gila Mountains, downstream
from the Morenci porphyry Cu deposit. Subsequent erosion
has filled the Safford Valley with thick deposits of Quaternary
gravel (Houser and others, 1985), which exceeds 6,400 ft (>
1,950 m) in thickness near the town of Safford (Kamilli and
Richard, 1998). Much of the sediment load carried by the Gila
River to the San Carlos Reservoir is derived from erosion of
this poorly consolidated alluvial-valley fill.
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A

Figure 5. Historical photographs of the Gila River flood plain showing changes in riparian habitat and character of the flood plain. A, near
Geronimo, 1909 (Burkham, 1972); B, near Calva, 1932 (Culler and others, 1970); C, near Calva, 1964 (Culler and others, 1970).

Sampling Methods

All samples were collected from Oct. 20-Oct. 29, 2004.
There was one small rain storm during the period when the
reservoir core samples were collected on October 28, but
the amount of precipitation was small and inconsequential.
Sample locations were determined using two different Garmin
GPS units. In general, the GPS readings gave a small location
error of + 20 to 30 ft (6 to 9 m). All locality coordinates are

reported with reference to the commonly used North American
Datum of 1927 (NAD27).

Reservoir-Sediment Samples

Samples were taken at three localities in the reservoir
using a 7.6-cm-diameter aluminum irrigation pipe and a
gasoline-powered vibrator to penetrate the reservoir sediment.
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Table 2. Locations, depth of penetration, and depth to ground-water table in cores from San Carlos Reservoir.
Core no. Latitude Longitude Depth of Length* of core Number of Depth to
(decimal degrees) (decimal degrees) penetration (cm) core segments ground-water table

(cm) (cm)
04SCR110 33.20500 —-110.41491 203 142 4 174
04SCRI111 33.21602 -110.36141 279 170 4 229
04SCR112 33.19218 -110.47103 365 305 1 --
04SCR115 33.18978 -110.46752 525 440 1 -

*Depths of core were not corrected for compaction; recovery of all cores was 100 percent except for core 04SCR115, in which the bottom 25 cm was lost.

Samples were taken from a small pontoon boat (figs. 6A, 6B).
Maximum penetration was limited by the length of pipe used
(20 ft; 6.1 m). The cores were cut into 5-ft (150 cm) sections
in the field, sealed, and stored upright for transport to Denver,
Colo. Two additional cores were driven by hand in the dry res-
ervoir bed in the San Carlos River and the Gila River arms of
the reservoir to document the metal concentrations being sup-
plied from these two river drainage basins (fig. 1). These cores
were extracted in short segments using a backhoe. Penetration
was limited by high resistance, presumably caused by the high
clay content of the sediment (fig. 7). Sample localities and
depths of penetration are shown in table 2. Core 04SCR112
was collected on October 27; core 04SCR115 was collected
on October 29. Stormy weather on October 28 resulted in

the loss of core 04SCR113 and we had poor recovery of core
04SCR114; therefore, no samples from cores 04SCR113 or
core 04SCR114 were analyzed. Because of the poor recovery
in cores 04SCR113 and 04SCR114, we installed a brass core
catcher at the base of the aluminum core tube used to collect
core 04SCR115 to increase the probability that we would
recover sediment at our final core site.

Analyses of the aluminum irrigation pipe and the brass
core catcher material were performed to determine the com-
position of possible contaminants used during the sample
collection. The aluminum irrigation pipe contained 0.6 percent
Fe, 1.1 percent Mg, minor Ca, Na, Mn, and P, and 340 ppm
Cr, 1,400 ppm Cu, 38 ppm Mo, 110 ppm Ni, 100 ppm V, and
1,000 ppm Zn. Microscopic examination of the samples from
core 04SCR110 indicated no contamination by particles of the
aluminum pipe occurred during the sawing process follow-
ing cleaning of the exterior of the core. We saw no chemical
evidence that any of the reservoir-sediment samples were
contaminated by fragments of the aluminum core pipe. The
brass core catcher used in core 04SCR115 broke free during
insertion of the core. The brass contained about 62 percent Cu
and 38 percent Zn with minor to trace amounts of Fe, Al, P,
Ag, As, Ni, Sn, and Pb. We intentionally excluded sediment
from along the walls of the core as well as along the trace of
the brass core catcher from the geochemical sample prepared
for analysis. We saw no chemical evidence that any of the
samples in core 04SCR115 were contaminated by fragments
of the core catcher, and, furthermore, we did not see any frag-
ments of core-catcher material in the core samples.

Stream-Bed- and Terrace-Sediment Samples

In addition to the coring of sediment in the reservoir,
stream-bed-sediment samples were taken where there was
public access in the Gila, San Carlos, and San Francisco
Rivers at irregularly spaced intervals to map the changes in
metal concentrations in sediment from the Clifton, Ariz., area
downstream to the reservoir. Sediment was collected at each
locality using a long-handled, plastic (PVC, polyvinyl chlo-
ride) scoop from 5 to 10 sites along an interval of about 30 m
of stream reach. Stream-bed sediment was sieved in the field
using a stainless-steel < 2-mm screen until about 5 kilograms
of fine sediment was accumulated in a plastic gold pan. This
material was transferred to large plastic containers and sealed
for transport to Denver, Colo., for further processing. Sample
localities, plot distances, and the pH and conductivity of the
river water are shown in table 3.

In addition to the stream-bed-sediment sampling, we
also evaluated terrace deposits at three sites to determine the
premining geochemical baseline. Samples were taken either by
driving a 7.6-cm-diameter plastic pipe (PVC) into the terrace
sediment (fig. 84) when it consisted of unconsolidated silt
or sand or by channel sampling the stratigraphic interval and
sieving the sample in the field. Photographs of these three sites
are in figure 8; localities are also shown in table 3.

Sample Processing

Stream-bed-sediment samples were air-dried in the labo-
ratory prior to sample processing. Stream-bed-sediment and
terrace-sediment samples were disaggregated, sieved to < 2
mm, split using a Jones splitter, and a representative sample
sieved to < 80 mesh using stainless steel sieves. The result-
ing sample was then ground to <150 um prior to chemical
analysis. Samples are archived by the U.S. Geological Survey
in Denver, Colo.

The reservoir cores were frozen upon arrival at our
laboratories in Denver, Colo. The aluminum irrigation pipe
was subsequently sawn longitudinally with a skill saw using
a carbide blade, cutting the wall of the irrigation pipe and
putting a shallow groove in the frozen reservoir sediment. The
outside of the cores was rinsed with deionized water to remove
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N

Figure 6. A, photograph of pontoon boat used for core sampling. Vibrator used to take vibracores shown
on front of boat. B, photograph showing recovery of core 04SCR112, Stan Church (left) and Marci Marot
(right) are removing the vibracore head from the core pipe.
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Figure 7. Photograph showing core recovery at site 04SCR110 (Melvin Kindelay, back-
hoe operator). Dry reservoir bed is overgrown with cockleburs.

all traces of carbide, aluminum, and sediment dislodged during
the pipe-cutting process. The cores were wrapped in plastic
and refrozen. The frozen cores were subsequently split longi-
tudinally using a new, cleaned hand saw, and the sawn surfaces
were then scraped with a stainless-steel spatula to remove all
loose material. Half of the core was wrapped in aluminum foil
and frozen for subsequent organic analyses, and the other half
of the core was placed in a locked laboratory to dry. About 2
weeks later, the cores were sampled for analysis. Descriptions
of the samples and the sampled intervals are in tables A1-A4
in the Appendix (on CD-ROM). Photographs of the two cores
showing the sampled intervals are in figures A1-A4 in the
appendix (on CD-ROM). During sampling of the core, each
interval (generally 5 cm) was gently crushed in the alumi-
num core pipe or disaggregated in a large ceramic mortar and
pestle, and a chip sample was taken through the interval for
chemical analysis. The geochemical samples were all taken
from interior sites within the core to minimize possible cross-
contamination by smearing along the core walls or along the
sawn surfaces, or contamination by either the aluminum irriga-
tion pipe or the brass core catcher (04SCR115). About 5-7 g
of material was hand-ground in an agate mortar and pestle and
submitted for chemical analysis; the balance of the material
was submitted for geochronological analysis (tables A5—AS).
Loss on ignition at 550°C was conducted on all core samples
to obtain the final water-free sample weight. All geochemical
data from the reservoir core samples are reported on a water-
free basis (tables A9—A12 on CD-ROM).

Dioxin analyses were preformed by Severn Trent Labora-
tories, Inc. Chip samples of about 100 g each were taken from
the frozen core over each analyzed interval using a cleaned

steel chisel. The remainder of the core was preserved frozen
for future organic analyses, if needed.

Analytical Methods
Radioisotope Methods

210Pp activity was measured by alpha spectroscopy. The
210Pb (t;, = 22.3 years) alpha method is based on determining
the activity of 210Po, which is assumed to be in secular equilib-
rium with its parent 210Pb. The analytical method exploits the
ability of polonium to self-plate onto silver planchets, which
facilitates the alpha counting (Flynn, 1968). Briefly, 5 g of
sediment was hand-ground in a mortar and pestle and fired in a
muffle furnace at 550°C for 6 hr to determine loss on ignition.
The fired material was transferred to a glass beaker, 210Po was
acid-leached from the sediment, and a known activity of the
tracer 209Po was added to the solution prior to autoplating the
polonium isotopes onto silver planchets. The planchets were
counted in low-level alpha spectrometers coupled to a pulse-
height analyzer. Randomly selected subsets of samples were
analyzed in triplicate. Data from these replicate samples have
a relative standard deviation of less than 5 percent. Excess
210Pb activity was calculated by subtracting the 226Ra activity
from the total 219Pb activity.

Gamma spectroscopy was used to determine the 7Be
(12 = 53 days), 137 Cs (t;, = 30.2 years), and 226Ra (t;, = 1,600
years) activities in each sample (Cutshall and others, 1983). A
50-g aliquot of dried and ground sample was sealed in a plastic
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Table 3. Stream-bed- and terrace-sediment sample localities with pH and conductivity measurements of river water.

Assessment of Metals, Dioxin in Sediment, San Carlos Reservoir and Gila, San Carlos, and San Francisco Rivers, Ariz.

[DD, decimal degrees. Collection dates in year 2004]

Distance from pH Specific conductance
Coolidge Dami#

Locality

River

Latitude Longitude

Date
collected

Sample number

(uS/cm)

(DD)

(DD)

16
17
24
198
191

Upstream of river confluence

San Carlos

-110.41211
-110.41085
—110.43752
—109.29781
—109.29911
—109.25416
—-109.54319
—109.63284
—109.82560
—-109.91381
—-109.96620
—110.10539
—110.18305

33.20513
33.20694
33.24959
33.07338
33.03825
32.94659
32.86139
32.82759
3291413

20 Oct
20 Oct
22 Oct
25 Oct
25 Oct
25 Oct
25 Oct
25 Oct
25 Oct
26 Oct
26 Oct
26 Oct
26 Oct

04SCR101

Upstream of previous sample

San Carlos

04SCR102
04SCR103*

Upstream of previous sample

North of Clifton

San Carlos

838
1,530

7.52
7.17

San Francisco

04SCR120

Downstream from Morenci in Clifton

West of RR tracks at Guthrie

San Francisco

04SCR121

660
1,200
1,220
1,190
1,300
2,560
2,950

8.77
8.49
8.53
8.54

195
141

Upstream of bridge north of Buena Vista
Upstream of bridge north of Solomon
Upstream of bridge north of Pima

129
105

8.42
8.20
8.42

92
77
58
41

Upstream of bridge west of Eden

—_ e o~ — —

04SCR122

04SCR123
04SCR124*

04SCR125

32.96039
33.04965
33.12546
33.18757

04SCR126

Upstream of bridge north of Ft. Thomas

Bylas

Gila

04SCR127

Gila

04SCR128
04SCR129*

3,540

41

8.

Calva gauge

Gila

* Terrace samples also collected at these three localities.

# Distance expressed in river kilometers upstream from gauge on Coolidge Dam.

counting jar. Sealed samples were stored for at least 20 days to
allow 222Ra and 2!4Pb activity to come into equilibrium with
their parent isotope (226Ra). Samples were counted in a high-
purity germanium detector for low-energy gamma rays (2,000
mm? active area) and data collected using an 8,191-channel
multichannel analyzer. Samples were typically counted for 24
hours (depending on sample size) or until counting errors were
less than 10 percent. The gamma system was calibrated using a
National Institute of Standards and Technology (NIST) trace-
able multiline radioisotope standard in a soil matrix with the
same counting geometry as the samples. Specific activity of
226Ra was determined from counts associated with the photo-
peaks of 214Pb (295 and 351 kev) and 214Bi (609 kev). Activi-
ties calculated from the three peaks were combined to yield a
weighted mean reported value and standard deviation. 7Be and
137Cs activities were determined by counting the 477-kev and
661.6-kev gamma-ray peaks, respectively. All activities were
decay corrected to the date of sample collection. The reported
errors are the statistical counting errors at the 95-percent con-
fidence interval. Total analytical errors are about +6.5 percent
based on replicate sample analyses. Analytical data are reported
in tables A5—AS8 in the Appendix (on CD-ROM).

ICP-AES Analytical Method

All samples from the cores were digested using a four-
acid digestion (HCl, HNOj3, HC1O4 and HF; Briggs, 2002).
The resulting solutions were analyzed for 40 elements by
ICP-AES (inductively coupled plasma—atomic emission spec-
troscopy) in the USGS laboratory in Denver, Colo. To monitor
quality of the analyses, laboratory duplicates were analyzed to
assess precision, and three standard reference materials (SRM-
2709, SO-2, and SRG-1) were analyzed with each sample
set to assess analytical accuracy. Precision and accuracy of
the analyses of the standard reference materials (SRMs) are
discussed below.

In addition, a subset of samples was leached in high-
purity, 2M HCl-1 percent H,O, (Church and others, 1997)
to remove loosely bound or sorbed metals. These samples
were subsequently analyzed by ICP-AES to determine metal
concentrations. Leachate solutions were further processed and
analyzed to determine their Pb isotope compositions.

ICP-MS Analytical Method

The same four-acid sample digestion procedure (Briggs,
2002) was used to prepare samples for the determination of
trace metal concentrations by ICP-MS (inductively coupled
plasma—mass spectrometry; Briggs and Meier, 2002). Imme-
diately prior to analyses, the sample solutions were diluted by
a factor of 10 using 2-percent distilled HNOj3. As the sample
was injected, three internal standards (°Li, Rh, and Ir ) were
mixed in line with the sample solution before analysis to
monitor the stability of the ICP-MS during the analysis in the
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Figure 8 (facing column and above). Photographs of terrace sample
sites. A, site 04SCR103 on the San Carlos River. Stan Church is hold-
ing 7.6-cm-diameter PVC pipe that was driven into unconsolidated
terrace deposit to preserve stratigraphy; B, site 04SCR124 on the

Gila River near Solomon—6-ft (180 cm) tape shown for scale; C, site
04SCR129 on the Gila River near Calva—6-ft (180 cm) tape shown for
scale. Upper 1-m section (white PVC pipe) is silt section that we inter-
pret as that deposited during the 1905-1917 flood-plain reconstruction
period (Burkham, 1972).
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USGS laboratory in Denver, Colo. To monitor the quality of
the analyses, laboratory duplicates were analyzed to assess
precision, and four standard reference materials (MAG-1,
SGR-1, SRM-2709, and SO-2) were analyzed with each
sample set to assess the accuracy.

ICP-MS Pb Isotope Analytical Method

Leachate solutions from the 2M HCI-1 percent H,O,
digestion were evaporated to dryness in a laminar-flow hood.
The residue was dissolved in a minimal volume of high-purity
9M HBr and again evaporated to dryness to change the acid
medium. The residue was dissolved in 5 mL of 0.5M HBr,
centrifuged, and loaded onto a 1-mL (free column volume,
FCV) AG 1X8 ion exchange column to separate the Pb from
other ions. After washing the column with dilute HBr fol-
lowed by dilute HCI, Pb was eluted in 8M HCI and an aliquot
was diluted to a concentration of approximately 25 ng/L Pb
with 2 percent HNO;. This solution was spiked to produce a
10 ug/L solution of TI. The solution was aspirated through a
desolvation chamber and into an argon plasma. Lead isotope
analyses were performed on a Nu Plasma, high-resolution,
double focusing, multicollector ICP-MS. A 25-ug/L solution
of Pb gave about 3 volts of 208Pb signal. Forty-five isotope
ratio measurements were collected over a period of about 7
minutes, and each observed ratio was normalized to a 205T1/
203T1 value of 2.3871. Seven replicate analyses of SRM-981
were run over the course of the Pb isotope analyses to moni-
tor precision and accuracy. The isotope ratios determined for
SRM-981 were within 1 part in 10,000 of the NIST-certified
values.

Hg Analytical Method

Analyses for total Hg were determined using continuous-
flow cold-vapor atomic absorption spectrometry (Brown and
others, 2002). Limits of determination using a 1 g sample were
2 ng/g. Analyses of blind duplicate samples are in good agree-
ment, and data from of SRM materials compare well with
accepted published values.

Analytical Method 8290 for Dioxins/Furans

The frozen half of core 04SCR112 was subsampled in
30-cm increments and sent to Severn Trent Laboratories, Inc.
(STL), for dioxins/furans analysis, Dioxins are an impurity
produced in the manufacturing of the herbicide 2,4,5-trichlo-
rophenoxyacetic acid (2,4,5-T). Seventeen polychlorinated
dibenzo-p-dioxins/polychlorinated dibenzo-furans (PCDD/
PCDF) congener concentrations are necessary to calculate
the toxic equivalent concentration (TEQ) of dioxin. The term
dioxin will be used throughout the text to refer to this class
of organic compounds. The TEQ was calculated to provide a

single value normalized to the toxicity of 2,3,7,8-TCDD that
is comparable with benchmark values. Samples were analyzed
using United States Environmental Protection Agency (U.S.
EPA) test method 8290 (1994). This method requires that

13C labeled analogs of the target analytes be spiked into each
sample before extraction. These analogs elute and behave

the same as the target analytes, without interfering with the
analysis. Since the effects of extraction, cleanup, concentra-
tion, and gas chromatography are the same for the analogs
and target analytes, recovery correction of the PCDD/PCDF
can be performed. Target analytes are quantified relative

to the labeled (isotope) analog, and, therefore, their calcu-
lated concentration compensates for extraction and cleanup
efficiencies (STL, written commun., 2005). The extraction
procedure uses a combination of a Dean-Stark water trap and
a Soxhlet extractor using toluene. The toluene extracts are
cleaned using an acid-base washing treatment and dried. The
extract is processed through a solvent exchange, then cleaned
up using column chromatography on alumina, silica gel, and
activated carbon. The extract is analyzed by injecting 2 UL of
solution into a high-resolution gas chromatograph/high-resolu-
tion mass spectrometer (HRGC/HRMS). Method 8290 is for
samples that contain low concentrations of dioxins/furans (in
the part-per-trillion (ppt) to part-per-quadrillion (ppq) range)
(U.S. EPA, 1994). Concentrations of the following conge-
ners for PCDD/PCDF were determined: 2,3,7,8-tetrachlori-
nated dibenzo-p-dioxin (TCDD), 1,2,3,7,8-pentachlorinated
dibenzo-p-dioxin (PeCDD), 1,2,3,6,7,8-hexachlorinated
dibenzo-p-dioxin (HxCDD), 1,2,3,7,8,9-HxCDD, 1,2,3,4,7,8-
HxCDD, 1,2,3,4,6,7,8-heptachlorinated dibenzo-p-dioxins
(HpCDD), 1,2,3,4,6,7,8,9-octachlorinated dibenzo-p-dioxins
(OCDD), 2,3,7,8-tetrachlorinated dibenzofuran (TCDF),
1,2,3,7,8-pentachlorinated dibenzofuran (PCDF), 2,3,4,7,8-
PCDF, 1,2,3,6,7,8-hexachlorinated dibenzofuran (HxCDF),
1,2,3,7,8,9-HxCDF, 1,2,3,4,7,8-HxCDF, 2,3.4,6,7,8-HxCDEF,
1,2,3,4,6,7,8-heptachlorinated dibenzofuran (HpCDF),
1,2,3,4,7,8,9-HpCDF, and 1,2,3,4,6,7,8,9-octachlorinated
dibenzofuran (OCDF). Results from these analyses are
reported in picograms per gram dry weight sediment (pg/g).
Each of the above PCDD/PCDF congeners is assigned an
international toxicity equivalent factor (I-TEF) (NATO/CCMS,
1988) relating their toxicity to that of 2,3,7,8-TCDD. The indi-
vidual I-TFE is multiplied by the concentration of the PCDD/
PCDF congener, then they are summed together to obtain

the TEQ value. STL analyzed one batch-specific Laboratory
Control Sample per batch of 20 samples as an ongoing system
and standard check for quality control (STL, written commun.,
2005).

Statistical Analysis of Element Concentration
Results from Standard Reference Materials

Standard reference materials (SRMs) were analyzed
along with the samples by both ICP-AES and ICP-MS. The
ICP-AES method analyzed three SRMs: NIST-2709, SGR-1,



and SO-2, and the ICP-MS analyzed these three SRMs and
MAG-1. These results and the certified values for the SRM
are presented in table 4. The accuracy of these methods can be
determined by comparing the certified value of the SRM with
that obtained from the analysis, whereas the precision of the
data can be determined by the standard deviation and relative
standard deviation. There is no statistical difference in the data
produced by these two analytical methods. Because the detec-
tion limits for the ICP-MS are lower, the ICP-MS data were
used whenever the concentrations were low for a selected ele-
ment. The stability of the ICP-AES instrument and the accu-
racy and precision of the data determined are demonstrated by
replicate analyses of these SRMs reported by Fey and others
(1999). They analyzed three NIST standard reference materi-
als (SRM-2704, SRM-2709, SRM-2711) more than 50 times
over a 3-year period, 1996-98, and found the data to be stable.
This report can be accessed at URL http://pubs.usgs.gov/of/
1999/0fr-99-0575/.

Results and Discussion
Radioisotope Results

137Cs is a thermonuclear radioisotope resulting from
atmospheric testing of nuclear weapons. Most of the early U.S.
atmospheric testing was conducted at the Nevada Test Site
during the late 1950s. Maxima for 137Cs activity occurred as
a result of this atmospheric nuclear testing between 1953 and
1959. Atmospheric testing, measured in terms of the yield of
the nuclear weapon, would result in the highest 137Cs activity
being released to the atmosphere between 1951-53 (>450 kt)
and 1955-58 (>650 kt; http://www.fas.org/nuke/guide/usa/
nuclear/usnuctests.hml). Plots showing fallout from atmo-
spheric nuclear testing at the Nevada Test Site (Simon and oth-
ers, 2004) indicate that 137Cs deposition density from the U.S.
nuclear testing should be a factor of 10 less than the density
of 137Cs from global fallout resulting from testing in the early
1960s in the Pacific. According to Horowitz and others (1996),
the earliest detectable 137Cs activity in sediment occurred
in 1953-54. Atmospheric testing in the Pacific peaked from
1962-64 resulting in a second 137Cs activity peak. 137Cs is
swept out of the atmosphere by rain and sorbed onto clays
in the soil. Surface erosion results in accumulation of 137Cs
in sedimentary deposits in lakes and reservoirs. Because the
137Cs peaks represent essentially one-time surficial events,
137Cs accumulates rapidly in lakes and reservoirs and then
simply decays in situ with time.

Unlike 137Cs, 210Pb is a part of the 238U radioactive decay
series. This series is dynamic; that is, 210Pb is being replen-
ished continuously through time by radioactive decay. During
the 238U decay process, 226Ra decays to 222Rn, a gas with a
half-life of 3.8 days. A small percentage of 222Rn gas escapes
from the rocks at the Earth’s surface into the atmosphere
where it decays to form 210Pb, which is swept out of the atmo-
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sphere by rain. 210Pb is subsequently sorbed to the surface of
clays and oxides in the soil and transported to streams, rivers,
and ultimately lakes, reservoirs, or the ocean by erosion. In
using the 210Pb method to date sediment, one must determine
the incident flux of 210Pb in the reservoir. This value, denoted
A,, i1s measured in the surface sediment layer in the reservoir
(Robbins, 1978). 7Be, a cosmogenic nuclide with a half life of
53 days, is used to demonstrate whether this top surface layer
was sampled. The determination of the age of the sediment
requires that the amount of 210Pb derived from atmospheric
sources be determined. In order to obtain that value, the
amount of 210Pb supported by radioactive decay by minerals in
the sediment must be subtracted from the total 210Pb present.
This is done by subtracting the 226Ra activity measured in the
sample from the total 210Pb to determine the excess or unsup-
ported 210Pb activity. The equation for the determination of the
decay of 210Pb is:

A=A, eM

where
A is the measured 219Pb activity at some time t,
A, is the initial 210Pb activity at the sediment-water inter-
face, and
A is the decay constant for 210Pb (0.03114).
210Pb decay curves for A, values between 1.0 and 3.5 are
shown in figure 9A.

Radioisotope geochronology, under ideal conditions,
gives the best chronologic results when both the flux rate for
the radioisotope over the basin and the sediment-accumula-
tion rate in the reservoir are uniform. 137Cs is sorbed by clay
particles in the soil and 210Pb is sorbed by oxides and clay
particles in the soil and transported to the reservoir by erosion.
Thus, the intensity of the 219Pb or 137Cs activity measured in
lake-bed sediment is highly dependent upon the sediment-
accumulation rate. Radioisotope flux rates are measured in
terms of the activity per unit area per year and are expressed in
samples as the number of disintegrations per minute per gram
(dpm/g). The radioisotope data measured in samples from the
four cores are in tables A5—AS8 in the Appendix. Theoretical
curves for the deposition and decay of 210Pb and the deposi-
tion of 137Cs are shown in figure 9B. The 1963 137Cs peaks are
present in all four cores (figs. 10-13) and are always inter-
preted to represent these dates and to provide anchor points for
the interpretation of the 210Pb data.

The 1963 137Cs peaks occur at nominally similar depths
in all four cores: 04SCR110 at a depth of 110 cm, in core
04SCR111 at a depth of 145 cm, in core 04SCR112 at a depth
of 180 cm, and in core 04SCR115 at a depth of 190 cm (figs.
10-13). The depths of the 1963 137Cs activity becomes pro-
gressively deeper in the cores as one might expect given the
physiographic setting and sediment loads provided by the San
Carlos and Gila Rivers (fig. 1). A second 137Cs peak occurs
in cores 04SCR112 (210-265 cm) and 04SCR115 (260-295
cm). This second peak is interpreted to be the 137Cs activity
resulting from the early atmospheric testing at the Nevada
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Table 4. Summary of analytical data from standard reference materials—Continued.

Standard ICP-AES ICP-MS ICP-AES ICP-MS ICP-AES ICP-MS
reference u U Vv v Zn Zn
material (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
MAG-1 Median 2.70 142.0 135.0
Mean 2.72 143.2 135.1
Standard deviation 0.08 2.2 1.9
Relative standard deviation (%) 2.99 1.5 1.4
Percent recovery 101 102 104
n 5 5 5
CERTIFIED VALUE (ICP-MS) 2.70 140.0 130.0
SRM-2709 Median <200 2.90 110.0 113.5 100.0 106.0
Mean 2.93 110.0 113.5 100.0 106.2
Standard deviation 0.05 0.0 2.1 0.0 1.9
Relative standard deviation (%) 1.63 0.0 1.8 0.0 1.8
Percent recovery 98 98 101 94 100
n 5 7 5 7 5
CERTIFIED VALUE (ICP-MS) 3.00 112.0 106.0
SGR-1 Median <200 5.35 120.0 127.0 72.0 74.3
Mean 5.38 125.7 128.5 73.0 74.2
Standard deviation 0.10 7.9 3.8 5.9 1.8
Relative standard deviation (%) 1.78 6.3 2.9 8.1 2.4
Percent recovery 100 98 100 99 100
n 4 7 4 7 4
CERTIFIED VALUE (ICP-MS) 5.40 128.0 74.0
SO-2 Median <200 0.72 56.0 56.1 120.0 127.0
Mean 0.73 56.0 55.9 120.0 127.3
Standard deviation 0.02 1.2 0.8 0.0 3.7
Relative standard deviation (%) 2.09 2.1 1.5 0.0 2.9
Percent recovery 76 94 94 98 103
n 5 7 5 7 5
CERTIFIED VALUE (ICP-MS) 0.96 59.4 123.0

Test Site. The 137Cs peak from the 1950s atmospheric nuclear
testing in core 04SCR115 (fig. 13) shows a smoothed version
of the 137Cs peak (fig. 9B) that would result from erosion. This
same peak in core 04SCR112, however, is sharper and occurs
over a shorter core interval. We interpret this phenomenon to
be the result of the fact that the reservoir bed was dry at this
site during much of the 1950s (fig. 2). The total 137Cs activity
for the two lower curves in cores 04SCR112 and 04SCR115
is comparable (about 12.0 and 11.4 dpm/g, respectively).
These data indicate a lower sediment-accumulation rate at site
04SCR112 than at site 04SCR115, which is located in the Gila
River channel in the reservoir. This observation is confirmed
by the presence of Cu peaks found in at deeper levels in core
04SCR115 as discussed below. There is no 137Cs activity in
core 04SCR115 below 350 cm, indicating that material below
this level in the core predates 1953.

According to Robbins (1978), interpretation of the 210Pb
geochronological data is straightforward when the sediment-
accumulation rate is relatively uniform. Unfortunately, this is

not generally the case for the cores collected from irrigation
reservoirs such as the San Carlos Reservoir (Horowitz and
others, 1996). The four cores have a range of values for A,,
and only core 04SCR110 has a detectable "Be anomaly. The
7Be anomaly at the surface layer in the core collected from
the San Carlos River arm (table A5) indicates that the material
from this site was undisturbed by erosion prior to sampling.
The 210Pb activity at the surface of core 04SCR110 was higher
than that observed at the surface in either of the two reservoir
cores (04SCR112 or 04SCR115), resulting in a higher calcu-
lated A, in core 04SCR110 than that calculated for sediment
in the two reservoir cores (figs. 12 and 13, tables A7 and

AB). Furthermore, the shapes of the excess 210Pb curves from
cores from the arms (04SCR110 and 04SCR111) have near-
zero excess 210Pb values below about 50 ¢cm and do not fit

an exponential decay curve. This is likely the result of lower
clay and oxide content in the cores resulting from sediment
accumulation in a more deltaic setting. Due to this discontinu-
ous sedimentation history for the two sites sampled on the San
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Figure 9. A, plot of decay curves for 210Ph at different A, values. B, theoretical 210Pb and '37Cs observed activity curves versus time. 137Cs
activity scaled in proportion to bomb yields. 137Cs activity in sediment was too low prior to 1953 to detect today. Activity units (dpm/g) are disin-

tegrations per minute per gram.

Carlos and Gila River arms of the reservoir, only the 137Cs
peak (1963) will be used to provide geochronological informa-
tion from those cores. The 137Cs data will be used to correlate
the radioisotope data with the Cu anomalies discussed below.
Secondly, the depth of penetration of these two cores was not
as deep as those from the reservoir and there is no indication
of the 1953-59 137Cs peak. Thus, the oldest sediment collected
from these two cores would date from about 1960.

Penetration into the reservoir sediment by cores
04SCR112 and 04SCR115 resulted in recovery of much older
material. However, the low values of A, and the irregular

nature of the excess 219Pb data (figs. 12 and 13) make it dif-
ficult to provide a precise 219Pb chronology. The fluctuation
of water levels in the reservoir (fig. 2), which resulted in a dry
lake bed, particularly in the 1950s, is a good indication that
the uniform-sediment-accumulation model assumed by the
210Pb dating method has not been met. Because there are many
similarities between the geochemistry and the 219Pb activity
of these two cores (figs. 12 and 13), and because the two cores
were taken only about 100 ft apart in the reservoir, the inter-
pretation of the 219Pb geochronology will be developed only
for core 04SCR112.
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Figure 10. Plot of A, 137Cs and B, 2'0Pb data from core 04SCR110. Activity units (dpm/g) are disintegrations per minute per gram.

Geochronological data from core 04SCR112 show a
number of 210Pb activity peaks in the depth profile (fig. 12).
These 210Pb peaks occur at mean depths of 57.5 cm, 117.5
cm, 162.5 cm, and 197.5 cm and can be correlated with 210Pb
peaks in the 04SCR115 core (fig. 13) at similar or slightly
deeper depths. 137Cs activities peak at depths of 217.5-262.5
cm (1953-59 peak) and 162.5-197.5 cm (1963 peak). Two

of the 210Pb peaks occur within the 1962-64 137Cs peak. The
large 219Pb spike at 197.5 cm (core 04SCR112, fig. 12) cor-
relates with the smaller peak at 250 cm in core 04SCR115
(fig. 13) and indicates a higher rate of sediment accumulation
at site 04SCR115 during the late 1950s. Furthermore, there
is a great deal of variation in the 219Pb data, which is outside
the statistical counting errors (table A7). These fluctuations
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Figure 11. Plot of A, 137Cs and B, 2'0Pb data from core 04SCR111. Activity units (dpm/g) are disintegrations per minute per gram.

are caused by variations in the sedimentological history that 210Pb chronology has been developed prior to 1960. Several
reflect reservoir-wide conditions. In figure 14B, we plot the important observations that affect the thickness of sediment
minimum and maximum water levels of the reservoir for deposited in the reservoir versus time can be made from

each year based upon the gauge height measured at Coolidge these data. First, between 1938 to 1940 and 1945 to 1962, the
Dam (gauge 09469000) and the depth of sample from core reservoir at the core sites was dry at least some time during

04SCR112 versus time. Stratigraphic ages are approximated the year except for 1958. And, in the years 1938, 1947, 1948,
using the 1962-64 137Cs peak and the top of the core. No 1951, and probably 1953, the reservoir bed at the sampling
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Figure 12. Plot of A, 137Cs and B, 210Ph data from core 04SCR112. Activity units (dpm/g) are disintegrations per minute per gram.

point was dry all year. 219Pb data from the cores taken in the
dry reservoir bed in both the San Carlos (04SCR110, fig. 10
and table A5) and the Gila River arms (04SCR111, fig. 11
and table A6) indicate that the 219Pb activity is higher at the
dry reservoir bed surface because the sediment-accumulation
rate was low and the 210Pb activity was not diluted by barren
sediment containing silicate mineral or rock fragments. High

210Pb activity in core 04SCR112 below depths of 250 cm is
interpreted to reflect the capture of 210Pb on clays exposed on
the dry reservoir bed (fig. 12 and table A7). Thus, the deepest
penetration of core 04SCR112 would be during the dry period
in the early 1950s. Because there is still some 137Cs activity

at the base of core 04SCR112, the oldest sediment must have
been deposited after 1953. However the oldest sediment recov-
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Figure 13. Plot of A, '37Cs and B, 210Pb data from core 04SCR115. Activity units (dpm/g) are disintegrations per minute per gram.

ered in core 04SCR115 is possibly from the early 1940s or

late 1930s because there is no 137Cs activity below a depth of
350 cm (fig. 13A). Because of the many probable gaps in the
sedimentary record, we have not attempted to fit a 210Pb decay
curve to segments of core 04SCR112 below 200 cm depth in
the core, or about 1960 (fig. 12).

Sediment at site 04SCR112, beginning about 1960
(figs. 12 and 15), appears to have accumulated at a relatively
uniform rate. The bulk of the 210Pb data plot very near the
A, =2.0210Pb decay curve (fig. 15, A, = 1.5 plotted so as not
to obscure 210Pb data). The high 210Pb activity peak at 197.5
cm is interpreted to be the 1961 surface when the reservoir
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bed at the site of the core was exposed for the entire year. This
depth is at the beginning of the elevated 137Cs activity, which
we interpreted to be the 1962-64 peak formed by atmospheric
nuclear testing in the Pacific. During 1958, the core site would
have been under water all year, and the 210Pb activity at a
depth of 248 cm falls on the 210Pb decay curve where it should

occur had sediment accumulation been continuous—this is in
good agreement with the 137Cs data (fig. 12).

Flood events also impact the sediment-accumulation
rate in the reservoir. The thickness of the sediment lens and
the type of sediment deposited at the core site during any
given event is dependent on two conditions: the depth of the
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water at the time of the flood event and the magnitude of events have been plotted, scaled to the maximum discharge
the flood event. Using the records from the two gauge sta- event in winter 1991-92 (fig. 14A). Two different classes of
tions located on the San Carlos River at Peridot (09468500) floods can be identified (fig. 14B): those that occurred when
and the Gila River at Calva (09466500), large discharge the water level at the core site was shallow, and those that



32 Assessment of Metals, Dioxin in Sediment, San Carlos Reservoir and Gila, San Carlos, and San Francisco Rivers, Ariz.

occurred when it was deep (> 50 ft). The floods of 1983-84,
1993-94, and 1995-96 occurred when the core site was
in fairly deep water, whereas the flood events in 1951-52,
1960-61, 1965-67, 1972, 1978-79, and 1991-92 occurred
when the core site was in relatively shallow water (fig. 14B).
Floods that occurred when the water at the core site was deep
have relatively minor effects on the sediment-accumulation
rate because most of the sediment would have been depos-
ited upstream from the core site in deltas. There would be
an expected increase in the 210Pb activity in core 04SCR112
when the water was deep because the clays, which are the
residence site of the 210Pb, would be moved into the deeper
part of the reservoir as suspended sediment. The suspended
sediment would settle out from the water column, following
Stoke’s law, after the flood event, forming a 210Pb-enriched
layer at the top of the sediment sequence resulting from
the flood. These flood events correlate with spikes of high
210Pb activity (that is, low sediment-accumulation rates) in
the 04SCR112 core (fig. 12). Four such peaks occur in the
core: a large peak at 50-60 cm depth associated with the
1991-95 events, one at 110-120 cm depth associated with
the 1983-84 flood event, one at 145-170 cm associated with
the 1978-79 flood, and one at 195 to 210 cm depth associ-
ated with the 1960-61 flood event.

According to Robbins (1978, p. 356-358) removal
of these flood sequences from the core should result in an
undisturbed and dateable stratigraphy. The family of 210Pb
decay curves is shown in fig. 9A. The shapes of the curves
are similar, and the level of activity is dependent upon the
initial starting activity, A,. The upper part of the 210Pb activity
curve from core 04SCR112 (fig. 15), when the reservoir was
relatively deep, is best matched by a 210Pb decay curve with
A, =3.14, whereas the lower part of the curve is best matched
by a 210Pb decay curve with an A, of 2.0. This sediment-
accumulation model gives dates for the 219Pb activity shown
in figure 15, and peak 210Pb activities match the flood events
recorded at the San Carlos and Gila River gauges (fig. 14A).
The interval between 35 and 75 cm depth (1988-95) has been
disturbed, presumably by the 1991-95 flood events, and can-
not be dated directly (fig. 15).

Geochemical Results from
Modern Stream-Bed-Sediment Samples

Data from samples of stream-bed sediment are in table
5 (table A13). Trace-element data from samples collected in
1990 (Baker and King, 1994) are in table 6. We reoccupied
many of the same sites, although we did collect samples along
the Gila River with higher frequency to give more spatial
resolution in the data. Profile plots for both data sets are in
figures 16A—16D. No analytical methods were given in Baker
and King (1994), and no SRM data were reported to allow
assessment of accuracy or precision of the 1990 stream-bed-
sediment data. The concentrations of Cu between samples from
the two data sets are in good agreement and the downstream

trends in the data match very well (fig. 16A). The same is true
for the Pb (fig.16B) and Zn data (fig. 16C), although there is

a negative bias in the 1990 Pb and Zn data, which suggests

that a partial digestion was used. However, the downstream
trends between both data sets match very well. There is one
exception; the sample from the Ft. Thomas site (fig. 1; table 5)
contains high concentrations of Fe, Cr, V, and Zn, but not Cd
or Cu. This pattern suggests anthropogenic contamination of
the sediment sample from this site, possibly by discarded metal
or galvanized pipe in the river upstream. The reported Cd data
(table 6, Baker and King, 1994) are very high—we believe
they are in error by about an order of magnitude based on our
Cd data (table 5). The crustal abundance value for Cd is 0.16
ppm (Fortescue, 1992). Thus, the 1990 Cd data have not been
plotted (fig. 16D). Concentrations of these four metals (Cu, Cd,
Pb, and Zn) are elevated, as expected, in sediment from the San
Francisco River near Clifton, Ariz. Upstream from the conflu-
ence of the Gila River with the San Francisco River, sediment
from the Gila River has low concentrations of all four metals,
near that of crustal abundance (Fortescue, 1992), indicating
that the porphyry Cu mineralization in the Morenci district is
responsible for the elevated concentrations of these four metals
in Gila River sediment downstream from the confluence. The
lower two stream-bed-sediment samples from the San Carlos
River also contain elevated concentrations of Zn. This result

is unexpected and may result from reworking of reservoir-bed
material in the lowest reach of the San Carlos River. Both
samples 04SCR101 and 04SCR102 contain high concentra-
tions of Fe and V and reflect the accumulation of magnetite in
the samples by normal sedimentation processes observed in the
field. Metal concentrations from further upstream on the San
Carlos River (04SCR103) are not elevated and agree well with
those in the lower Gila River.

A sample of suspended sediment was collected from the
site at Calva (table 5). The concentration of the suspended
sediment was 60 mg/L of river water. Metal concentrations for
Cu, Pb, Zn, and As (table 5; figs. 16A—16C) are substantially
elevated above that in the stream-bed sediment at the Calva
site. These four metals are sorbed on clays, as indicated by the
elevated Al in suspended sediment (table 5), when the pH of
the water (table 3) is at or above neutral (Smith, 1999). These
data suggest that the mechanism of transport of elevated metal
concentrations to the reservoir sediment is via suspended sedi-
ment.

Geochemical Results from
Terrace-Sediment Samples

Terrace-sediment samples were collected at two sites
on the lower Gila River and one on the San Carlos River to
determine the variation of geochemistry in sediment with time.
The geochemical variation of the samples analyzed at each
site was minimal; therefore, geochemical data from each ter-
race section are presented as a statistical summary giving the
median, mean, standard deviation, relative standard deviation,
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function of distance upstream from the gauge at Coolidge Dam. Crustal abundance for Cu is 68 ppm; Pb, 13 ppm; Zn, 76 ppm; and Cd, 0.16 ppm
(Fortescue, 1992). Data from this study: 1, stream-bed sediment from San Francisco River; 2, stream-bed sediment from Gila River; 3, suspended
sediment from Gila River at Calva; 4, stream-bed sediment from San Carlos River; 5, terrace sediment (table 5}—data from Baker and King
(1994); 6, stream-bed sediment from San Francisco River; 7, stream-bed sediment from Gila River; 8, stream-bed sediment from San Carlos River
(table 6). End points of river tie lines are connected at the confluence and are shown ending schematically in San Carlos Reservoir (SCR).

and the number of samples analyzed (table 7; analytical data
are in table A14). In comparing the terrace-sediment data with
data from modern sediment from the sites, there are generally
only minor changes in concentration for many of the elements.
Median values for the three terrace sediment localities are
plotted on figure 16. Differences in the concentration of Cu,
Pb, and Zn are present in the data. In figure 17, the terrace-
sediment data are shown in a box plot for each site with the
data from the stream-bed sediment from the same locality.
The data clearly show that Cu and Zn have been added to the
surface drainages by anthropogenic activity, some of which
may be the result of mining activity.

Geochemical Results from
Reservoir-Sediment Samples

Geochemical data for many of the elements determined in
the cores showed little variation with depth or time. These data
are summarized in tables 8—11; complete geochemical data are
in tables A9—A12 (on CD-ROM). Concentrations of Cu, Pb,
Zn, Cd, As, and Hg determined in sediment from the reservoir
(cores 04SCR110, 04SCR111, 04SCR112, and 04SCR115)
are in tables 12—15 and figures 18-21, respectively.

Two prominent sets of Cu peaks and one minor Cu
peak are identified. The Cu peak highest in the stratigraphic
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Figure 17. Box plot of the data from Cu, Ph, and Zn for each of the three terrace-sediment sites

(table 7). Values shown on the box plot are the 10th, 25th, 50th or median, 75th, and 90th percentiles
of the data (table A14). Concentrations of these metals in the stream-bed-sediment data (table 5) are

plotted on the figure as black dots.

section is present in all four cores (figs. 18-21), and the

peak Cu concentration would have been deposited in about
1985-86 based on the 219Pb chronology for core 04SCR112
assuming a uniform sediment-accumulation rate (fig. 15).
The concentration of Cu is much higher in the core from the
Gila River arm (fig. 19, depth of 65 cm; Cu concentration of
about 700 ppm) than in the San Carlos River arm, (fig. 18,
depth of 45 cm; Cu concentration of about 160 ppm). This
same Cu peak occurs in the reservoir at depths of about 85
cm in both reservoir cores (figs. 20 and 21) and has peak Cu
concentrations of about 600 ppm. The peak is broad, cover-
ing tens of centimeters in depth in the cores, and represents

a large, prolonged event spanning several years. Thus, this
deposit does not represent deposition resulting from a single
flood event. There are also small Pb, Zn, and Cd anomalies
associated with this event in the cores. We interpret these data
to indicate that the source of the metal anomaly was upstream
on the Gila River. Discharge data for the San Francisco River
measured at Clifton gauge (09444500) are shown in figure
22. The data indicate that the highest discharge recorded at
Clifton occurred in July 1983 (52,200 cfs, fig. 22C). A very
large 3-day storm having a total discharge of about 60,000
cfs occurred in December 1978 (fig. 22C). The stratigraphic
intervals in the cores containing the high Cu concentra-

tions (table 16) are dominated by deposition of silt (tables
A1-A4) that would have been deposited in deep water (figs.
2C and 14). We interpret this broad Cu peak to be the result
of material released from the Morenci site. The initial rise in
Cu concentration occurs at a depth of 120-125 cm and cor-
relates well with the peak in 210Pb activity (fig. 15) dated at
1978. The amount of metal released steadily increased over
this period before it was abruptly stopped in about 1983. The
sediment-accumulation rate over his interval was higher than
normal as indicated by the later date (1985-86) for the Cu
peak from the 210Pb model (fig. 16). Assuming an average
concentration of 200 ppm over a 55-cm interval and using an
area of 4,000 acres for the San Carlos Reservoir at an eleva-
tion of 2,430 ft, the total mass of Cu deposited during this
event in an elliptical basin would contain a minimum of 600
metric tons of Cu. The maximum concentration of Cu in res-
ervoir sediment exceeded the toxic concentration for sediment
quality guidelines of 149 ppm (MacDonald and others, 2000)
from 1978 to 1983. It is highly likely that Cu concentrations
in river sediment would also have exceeded these sediment-
quality guidelines over this same period.

Schmittt and Brumbaugh (1990) report data collected
during the National Contaminant Biomonitoring Program
(NCBP; http://www.cerc.usgs.gov/data/ncbp/ncbp.html) for
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Table 8. Statistical summary of geochemical data for major and selected trace elements, core 04SCR110, San Carlos River arm,
San Carlos Reservoir.

[STD, standard deviation; RSD, relative standard deviation, in percent. ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS,
inductively coupled plasma—mass spectrometry]

ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES
Na K Mg Ca Fe Al Ti P Ba
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (ppm)
Median 1.04 1.9 1.8 4.4 4.7 7.5 0.52 0.12 508
Mean 1.04 2.0 1.8 4.5 4.7 7.5 0.54 0.13 510
STD 0.23 0.2 0.2 0.9 0.5 0.7 0.16 0.02 61
RSD 22.3 9.2 12.0 20.0 10.7 9.6 28.7 14.2 12.0
ICP-MS ICP-MS ICP-AES ICP-MS ICP-AES ICP-AES ICP-MS ICP-MS ICP-AES
Co Cr Mn Mo Ni Sr Th U v
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Median 26.8 68.7 901 1.08 52 278 11.9 2.6 94
Mean 26.6 69.4 881 1.15 52 284 124 2.6 98
STD 2.2 14.4 138 0.24 5 30 2.3 0.4 18
RSD 8.3 20.7 15.7 20.9 10.6 104 18.7 14.0 18.2

Table 9. Statistical summary of geochemical data for major and selected trace elements, core 04SCR111, Gila River arm,
San Carlos Reservoir.

[STD, standard deviation; RSD, relative standard deviation, in percent. ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS,
inductively coupled plasma—mass spectrometry]

ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES
Na K Mg Ca Fe Al Ti P Ba
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (ppm)
Median 1.51 2.6 1.8 4.0 4.4 8.6 0.52 0.13 766
Mean 1.47 2.7 1.9 4.0 4.3 8.6 0.52 0.13 775
STD 0.35 0.3 0.4 0.8 0.6 0.9 0.06 0.02 151
RSD 24.0 10.2 18.8 19.6 13.0 10.2 12.2 13.6 19.5
ICP-MS ICP-MS ICP-AES ICP-MS ICP-AES ICP-AES ICP-MS ICP-MS ICP-AES
Co Cr Mn Mo Ni Sr Th U v
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Median 19.3 51.6 900 1.08 41 436 14.6 3.0 100
Mean 18.9 53.1 917 1.09 41 433 14.1 3.0 100
STD 2.5 4.2 189 0.16 6 73 1.8 0.4 11

RSD 13.1 8.0 20.6 14.7 15.3 16.9 12.9 14.4 10.5
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Table 10. Statistical summary of geochemical data for major and selected trace elements, core 04SCR112, San Carlos Reservoir.

[STD, standard deviation; RSD, relative standard deviation, in percent. ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS,
inductively coupled plasma—mass spectrometry]

ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES
Na K Mg Ca Fe Al Ti P Ba
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (ppm)
Median 0.94 2.5 2.0 3.3 4.6 9.0 0.48 0.13 532
Mean 0.99 2.5 2.0 3.6 4.6 8.8 0.50 0.13 545
STD 0.20 0.2 0.3 0.9 0.4 0.8 0.08 0.02 70
RSD 20.4 8.0 13.3 25.9 8.5 9.0 16.9 14.5 12.8
ICP-MS ICP-MS ICP-AES ICP-MS ICP-AES ICP-AES ICP-MS ICP-MS ICP-AES
Co Cr Mn Mo Ni Sr Th U v
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Median 22.9 57.4 1,057 1.2 54 319 17.2 3.4 99
Mean 23.1 56.3 1,147 1.3 54 315 16.9 3.5 99
STD 3.16 6.43 706 0.44 7 37 2.0 0.5 9
RSD 13.7 114 61.5 33.8 134 11.7 11.8 13.1 9.2

Table 11.  Statistical summary of geochemical data for major and selected trace elements, core 04SCR115, San Carlos Reservoir.

[STD, standard deviation; RSD, relative standard deviation, in percent. ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS,
inductively coupled plasma—mass spectrometry]

ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES
Na K Mg Ca Fe Al Ti P Ba
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (ppm)
Median 0.95 2.4 2.0 3.3 4.6 9.0 0.48 0.13 658
Mean 1.00 2.4 1.9 34 4.6 8.9 0.48 0.13 660
STD 0.20 0.1 0.3 0.6 0.5 0.5 0.03 0.01 60
RSD 19.8 5.3 13.3 17.1 9.9 6.1 6.2 10.2 9.1
ICP-MS ICP-MS ICP-AES ICP-MS ICP-AES ICP-AES ICP-MS ICP-MS ICP-AES
Co Cr Mn Mo Ni Sr Th U v
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Median 22.1 56.7 1,007 1.07 50 322 17.4 3.3 97
Mean 22.1 56.5 1,021 1.12 50 323 17.3 3.3 96
STD 2.5 3.1 212 0.25 5 43 1.8 04 7

RSD 11.5 54 20.7 22.0 10.6 13.2 10.6 10.5 7.7
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Table 12. Geochemical data for Cu, Ph, Zn, Cd, As, and Hg from core 04SCR110, San Carlos River arm, San Carlos Reservoir.

[ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS, inductively coupled plasma—mass spectrometry; Hg CVAA, mercury cold-

vapor atomic absorption]

ICP-AES ICP-MS ICP-AES ICP-MS ICP-MS Hg CVAA
Field no. Depth Loss on ignition Cu Pb Zn Cd As Hg

(cm) (percent) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
04SCR110La 0-5 10.98 135 37.9 146 0.48 15.7 0.08
04SCR110Lb 5-11 10.40 112 38.5 134 0.51 15.6 0.07
04SCR110Lc 11-14.5 7.20 108 30.0 119 0.40 10.8 0.06
04SCR110Ld 14.5-17.5 7.78 104 33.6 119 0.41 9.5 0.08
04SCRI110Le 17.5-20 6.80 101 30.8 106 0.39 8.6 0.06
04SCRI110Lf 20-25 8.10 120 32.0 131 0.39 12.0 0.07
04SCR110Lg 25-30 7.97 109 29.0 109 0.37 10.9 0.04
04SCR110Lh 30-37 4.79 66 22.5 98 0.27 11.6 0.04
04SCR110Li1 37-42 7.39 130 32.4 108 0.51 15.1 0.08
04SCR110L; 42-47 7.37 184 32.1 140 0.46 15.1 0.06
04SCR110Lk 47-52 6.57 107 28.9 107 0.42 15.0 0.04
04SCR110L1 52-57 6.77 101 28.7 107 0.39 16.1 0.06
04SCR110Lm 57-62 7.58 108 29.5 119 0.38 15.1 0.06
04SCR110Ln 62-66 5.59 94 27.1 96 0.33 11.7 0.06
04SCR110Lo 66-71 4.19 55 20.8 91 0.22 11.5 0.02
04SCR110Lp 71-75 4.79 63 20.5 105 0.21 10.5 0.05
04SCR110Lq 75-80 3.78 55 18.6 101 0.19 114 0.07
04SCR110Lr 80-85 3.37 64 22.1 85 0.27 9.2 0.04
04SCR110Ls 85-90 4.80 72 22.5 93 0.26 10.5 0.03
04SCR110Lt 90-95 4.39 74 24.9 89 0.31 12.6 0.04
04SCR110Lu 95-99.5 3.38 60 229 91 0.27 10.3 0.03
04SCR110Lv 99.5-104 4.78 60 24.5 92 0.25 10.1 0.03
04SCR110Lw 104-107 7.08 104 32.1 118 0.44 14.0 0.05
04SCR110Lx 107-109.5 7.17 101 334 118 0.46 18.3 0.06
04SCR110Ly 109.5-114.5 6.00 79 27.0 103 0.31 12.8 0.04
04SCR110Lz 114.5-120 4.39 78 27.1 115 0.33 13.6 0.05
04SCR110Laa 120-126 5.18 86 28.7 104 0.38 14.8 0.05
04SCR110Lab 126-130 2.98 43 19.1 96 0.16 12.4 <0.02
04SCR110Lac 130-133 6.57 67 24.3 95 0.31 13.9 0.03
04SCR110Lad 133-136 4.39 76 26.1 100 0.30 15.7 0.03
04SCR110Lae 136-139 4.39 72 25.7 100 0.28 15.7 0.05
04SCR110Laf (mean) 139-142 4.39 85 25.3 113 0.31 11.9 0.05

the San Carlos Reservoir (site 94). Samples of carp and large
mouth bass were collected from the reservoir periodically
from 1970-86. Cu concentrations (reported as pg/g wet weight
from composites of five whole fish) in carp, which are bottom
foragers, range from 0.83 to 1.92 pg/g wet weight over the
period when Cu concentrations were elevated in reservoir sedi-
ment. Samples of carp had lower Cu concentrations in samples
collected in 1986 (0.7-0.74 ng/g wet weight). Largemouth
bass also had low Cu concentrations (0.3 to 0.88 pg/g wet
weight) during the 1978-84 period. In comparison, carp from
other nearby reservoirs (Elephant Butte in New Mexico, site
63; and two sites on the Colorado River, sites 92 and 93) over
this same period had values that range much closer to ~ 1 ug/g
wet weight. Largemouth bass had concentrations similar to
those from the San Carlos Reservoir, ~ 0.5 pg/g wet weight.
We interpret these data to mean that the carp ingested Cu-rich

sediment, causing the elevated Cu concentrations in whole fish
during the 1978-84 period. Thus, the data are consistent with
our interpretation that the elevated Cu concentrations in San
Carlos Reservoir sediment were entering the food chain.
Following completion of this report, we were provided
with a copy of the Chase Creek Consent Decree, U.S. Depart-
ment of Justice and Phelps Dodge Corporation, Aug. 25, 1986,
filed with the U.S. District Court in Arizona. According to
that decree, Phelps Dodge Corp. agreed to several engineer-
ing remedies to capture storm water from both Gold Gulch
and Chase Creek. Storm runoff from Chase Creek had been
formerly polluting the San Francisco River. Phelps Dodge
alleged in the decree that no runoff had occurred from the
Morenci site since early 1984. Thus, Phelps Dodge Corp. took
engineering measures to cut off the source of metals to the
San Carlos River, and that effort is what resulted in the abrupt
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Table 13. Geochemical data for Cu, Ph, Zn, Cd, As, and Hg from core 04SCR111, Gila River arm, San Carlos Reservoir.

[ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS, inductively coupled plasma—mass spectrometry; Hg CVAA, mercury cold-
vapor atomic absorption]

ICP-AES ICP-MS ICP-AES ICP-MS ICP-MS Hg CVAA
Field no. Depth Loss on ignition Cu Pb Zn Cd As Hg

(cm) (percent) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
04SCR111La 0-5 10.98 99 29.9 124 0.49 9.4 0.03
04SCR111LDb 5-10 9.38 104 28.7 132 0.43 8.4 0.04
04SCR111Lc 10-15 10.98 92 26.6 112 0.45 8.0 0.03
04SCRI111Ld 15-20 7.98 107 26.8 130 0.38 6.8 0.03
04SCR111Le 20-24 6.79 107 24.2 102 0.38 7.2 0.03
04SCRI11Lf 24-26 2.60 59 18.5 73 0.17 4.9 <0.02
04SCRI111Lg 26-29.5 7.37 94 23.4 98 0.35 6.7 0.03
04SCRI111Lh 29.5-35 7.58 130 30.3 151 0.44 7.2 0.04
04SCRI111Li1 3541 7.75 141 30.0 152 0.43 7.9 0.04
04SCRI111L;j (mean) 41-47 8.93 143 30.1 143 0.42 8.3 0.04
04SCRI111Lk 47-55 8.91 143 30.4 121 0.46 9.6 0.04
04SCRI111LI 55-60 7.16 215 28.3 129 0.47 8.1 0.05
04SCRI111Lm 60-65 8.12 666 27.9 152 0.48 7.1 0.04
04SCRI111Ln 65-70 6.52 339 29.6 139 0.40 7.1 0.05
04SCRI111Lo 70-76 6.88 204 27.6 118 0.41 6.9 0.05
04SCR111Lp 76-82 5.59 106 25.2 97 0.36 6.0 0.03
04SCR111Lq 82-87 4.00 69 46.8 76 0.24 52 0.03
04SCRI111Lr 87-93 4.20 82 20.1 95 0.25 5.8 0.02
04SCR111Ls 93-98 5.59 106 25.0 117 0.35 6.4 0.04
04SCRI111Lt 98-104 7.45 130 29.0 130 0.43 7.0 0.04
04SCRI111Lu 104-108 6.99 140 28.0 118 0.45 6.5 0.06
04SCRI111Lv 108-112 7.77 119 25.2 100 0.34 6.7 0.07
04SCRI111Lw 112-117 3.59 63 19.6 76 0.23 5.5 0.02
04SCR111Lx 117-121 5.20 101 26.1 105 0.38 6.9 0.03
04SCRI111Ly 121-125 8.37 107 26.8 109 0.44 7.9 0.04
04SCRI111Lz 125-130 8.96 121 26.5 121 0.46 8.5 0.04
04SCR111Laa 130-135 9.80 133 29.0 144 0.44 8.1 0.04
04SCR111Lab 135-140 9.97 94 26.1 144 0.41 9.3 0.04
04SCRI111Lac 140-145 10.76 84 26.9 112 0.38 6.4 0.03
04SCR111Lad 145-149 10.40 85 31.1 134 0.42 6.7 0.06
04SCR111Lae 149-155 9.80 155 29.9 122 0.43 7.3 0.04
04SCR111Laf (mean) 155-160 6.77 134 28.7 123 0.46 7.4 0.03
04SCRI111Lag 160-165 8.00 109 31.5 120 0.55 7.2 0.04
04SCR111Lah 165-170 6.19 117 26.2 128 0.38 52 0.03

cutoff of the upper part of this large metal anomaly preserved

in the reservoir cores. The timing of these engineering changes

and the date we derived from our 210Pb chronology are in
good agreement.

The second set of prominent Cu peaks is present in the
two reservoir cores (figs. 20 and 21) and is coincident with
the lower 137Cs peak that we have identified as the result of
atmospheric nuclear testing in 1953-59. In core 04SCR112,
this Cu peak (600 ppm) occurs at a depth of 250 cm (fig. 20),
whereas the depth of the Cu peak in core 04SCR115 (1,000
ppm) is at 303 cm (fig. 21). A large Zn anomaly of about 600
ppm is also present in core 04SCR115 at this depth. Relying
on discharge data measured at the gauge sites to interpret this
event is enigmatic. With the exception of 1958, the reservoir

was dry every year during part of the year in the 1950s (fig.
2B). Because the large Cu peak occurs well within the 137Cs
peak, we interpret the event to have been in the late 1950s.
Discharge data from the Clifton gauge for this period (fig. 22C)
show only small rainfall events in 1957 and 1959. The dis-
crete nature of this Cu peak and the presence of a Zn anomaly
accompanying this event suggest that this was a release of
low-pH metal-contaminated water rather than a release of
tailings materials. The event would have occurred in about
1957, based on the location of the Cu peak (303 cm, table 16)
in the 1953-59 137Cs peak in core 04SCR115 (fig. 13) and the
low incidence of rainfall in the Clifton, Ariz., area during this
period (fig. 22B). The total mass of Cu released in this event,
using the same parameters described above would be about 200
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Table 14. Geochemical data for Cu, Ph, Zn, Cd, As, and Hg from core 04SCR112, San Carlos Reservoir.

[ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS, inductively coupled plasma—mass spectrometry; Hg CVAA, mercury cold-
vapor atomic absorption]

ICP-AES ICP-MS ICP-AES ICP-MS ICP-MS Hg CVAA
Field no. Depth Loss on ignition Cu Pb Zn Cd As Hg
(cm) (percent) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

04SCR112La 0-5 11.13 135 29.7 135 0.47 124 0.05
04SCR112Lb 5-10 10.36 134 30.3 134 0.44 11.2 0.04
04SCR112Lc 10-15 10.38 134 30.1 134 0.42 10.7 0.04
04SCRI112Ld 15-20 10.78 123 31.0 134 0.45 10.8 0.03
04SCR112Le 20-25 10.18 122 31.0 134 0.43 11.1 0.04
04SCR112Lf 25-30 9.81 133 32.9 133 0.45 12.2 0.04
04SCR112Lg 30-35 10.58 145 32.3 134 0.45 10.2 0.04
04SCR112Lh 35-40 9.58 144 34.9 144 0.44 10.0 0.06
04SCR112Li 40-45 9.94 133 33.6 133 0.46 12.2 0.06
04SCR112Lj 45-50 10.78 134 35.0 146 0.44 12.3 0.04
04SCR112Lk 50-55 11.12 146 34.0 135 0.45 13.5 0.05
04SCR112LI 55-60 11.11 146 36.9 146 0.51 12.4 0.06
04SCR112Lm 60-65 11.18 180 333 135 0.47 13.5 0.06
04SCR112Ln 65-70 10.18 178 33.8 122 0.45 134 0.04
04SCR112Lo 70-75 9.98 178 32.5 133 0.49 11.1 0.07
04SCR112Lp 75-80 10.80 344 34.2 135 0.61 10.3 0.09
04SCR112Lq 80-85 10.58 613 31.6 179 0.75 9.5 0.10
04SCR112Lr 85-90 10.56 534 33.3 168 0.74 7.8 0.10
04SCR112Ls 90-95 11.18 433 31.3 158 0.65 7.4 0.10
04SCR112Lt 95-100 9.54 334 31.3 144 0.55 6.7 0.08
04SCR112Lu 100-105 8.95 280 31.1 132 0.51 8.6 0.07
04SCR112Lv 105-110 9.78 255 30.6 133 0.49 7.5 0.06
04SCR112Lw 110-115 8.95 209 29.9 121 0.47 9.4 0.05
04SCR112Lx 115-120 10.12 178 33.5 134 0.49 14.5 0.06
04SCR112Ly 120-125 9.96 178 32.0 144 0.49 7.9 0.08
04SCR112Lz 125-130 8.75 153 34.5 132 0.45 8.0 0.08
04SCR112Laa (mean) 130-135 9.98 156 34.3 139 0.46 8.2 0.08
04SCR112Lab 135-140 10.10 156 33.6 133 0.47 9.8 0.10
04SCR112Lac 140-145 8.92 154 32.9 132 0.47 8.3 0.10
04SCR112Lad 145-150 8.58 153 31.7 120 0.42 7.7 0.11
04SCR112Lae 150-155 10.91 146 31.0 135 0.47 10.7 0.07
04SCR112Laf 155-160 9.60 188 33.2 133 0.46 11.0 0.09
04SCR112Lag 160-165 9.78 133 44.7 144 0.52 12.2 0.04
04SCR112Lah 165-170 7.97 141 31.6 130 0.49 8.0 0.04
04SCR112Lai 170-175 8.37 120 30.6 109 0.46 8.9 0.04
04SCR112Laj 175-180 8.38 109 32.4 109 0.49 9.3 0.04
04SCR112Lak 180-185 8.60 100 30.6 98 0.47 8.8 0.03
04SCR112Lal 185-190 7.78 130 343 130 0.49 9.4 0.03
04SCR112Lam (mean) 190-195 7.55 103 32.6 114 0.47 8.1 0.04
04SCR112Lan 195-200 11.20 73 29.3 96 0.36 9.8 0.03
04SCR112Lao 200-205 3.78 43 22.3 73 0.23 6.9 <0.02
04SCR112Lap 205-211 2.60 49 22.0 86 0.27 8.4 0.03
04SCR112Laq 211-215 10.56 111 33.0 110 0.49 134 0.04
04SCR112Lar 215-220 10.18 156 34.0 122 0.49 134 0.06
04SCR112Las 220-225 9.40 103 333 132 0.46 10.4 0.08
04SCR112Lat 225-230 11.00 80 32.4 124 0.47 10.0 0.06
04SCR112Lbj 230-230.2 10.50 72 25.1 112 0.42 9.3 0.02
04SCR112Lau 230.2-235 10.00 82 32.7 133 0.58 8.2 0.04
04SCR112Lav 235-240 10.85 146 34.5 135 0.50 11.1 0.06
04SCR112Law 240-246 11.75 125 43.7 159 0.54 11.3 0.06
04SCR112Lax 246-250 7.80 574 324 141 0.51 11.9 0.04

04SCR112Lay 250-255 10.20 108 30.8 111 0.42 8.1 0.04
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Table 14. Geochemical data for Cu, Ph, Zn, Cd, As, and Hg from core 04SCR112, San Carlos Reservoir—Continued.

ICP-AES ICP-MS ICP-AES ICP-MS ICP-MS Hg CVAA
Field no. Depth Loss on ignition Cu Pb Zn Cd As Hg
(cm) (percent) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

04SCR112Laz 255-260 9.94 133 32.8 122 0.47 9.3 0.06
04SCR112Lba 260 -265 10.00 178 31.1 122 0.47 10.7 0.04
04SCR112Lbb 265-270 8.80 66 29.4 110 0.34 7.8 0.03
04SCR112Lbc 270-275 9.36 63 29.1 132 0.34 7.2 0.02
04SCR112Lbd 275-281 8.38 57 29.3 131 0.35 7.6 0.02
04SCR112Lbe 281-286 6.56 58 28.8 118 0.35 7.4 0.04
04SCR112Lbf 286-290 9.36 84 32.5 121 0.43 10.2 0.04
04SCR112Lbg 290-295 9.96 90 31.4 133 0.42 8.3 0.04
04SCR112Lbh 295-300 9.92 85 30.4 133 0.46 8.0 0.04
04SCR112Lbi 300-305 10.40 90 31.9 112 0.42 10.7 0.06

metric tons of Cu, much smaller that the 1978-83 event, even
though the maximum Cu concentration exceeds 1,000 ppm in
the core interval analyzed in 04SCR115 (300-305 cm depth).
The concentration of Cu in reservoir sediment at the time of
this event greatly exceeded the recommended toxic concentra-
tion for sediment quality guidelines of 149 ppm. The concen-
tration of Zn in reservoir sediment at the time of this event also
exceeded the recommended toxic concentration for sediment
quality guidelines of 459 ppm (MacDonald and others, 2000)
for a short period.

There is a small Pb peak at 155 cm depth in core
04SCR112 (fig. 20) and at 165 cm depth in core 04SCR115
(fig. 21) that may be the result of sediment deposited in the
1965 flood event. There is also a small Pb, Zn, Cd, and As
anomaly present at the base of core 04SCR115 at a depth of
375-400 cm. This segment of the core has not been dated,
but it is older than sediment at the base of core 04SCR112.
This suite of anomalies may represent the stripping phase
(1937-42) during the development of the open pit at Morenci
(Moolick and Durek, 1966).

Measured concentrations of Pb, Cd, As, and Hg in reser-
voir-sediment samples have never exceeded the recommended
toxic concentration for sediment quality guidelines for sensi-
tive aquatic species (MacDonald and others, 2000).

One of the checks for dates assigned to events by use of
the 210Pb method is the calculation of sediment-accumula-
tion rates using both the assigned ages and their intervals
(Horowitz and others, 1996). These calculations are pre-
sented in table 16. Sediment-accumulation rates calculated
for various events in cores 04SCR112 and 04SCR115 show
that the sediment-accumulation rate decreased somewhat
with time. Only the segment containing sediment from the
1967 flood event in cores 04SCR112 and 04SCR115 con-
tained abnormally high sediment-accumulation rates. Given
the fact that the reservoir is filling with sediment over time,
the rates of sediment accumulation over the measured inter-
vals appear to be in relatively good agreement with those
discussed by Kipple (1977).

Leachable Metal and Ph Isotope Results

Lead isotope and geochemical data for Mn, Cu, Pb, and
Zn from leachates of 14 stream-bed-sediment, 7 terrace-sedi-
ment, and 24 reservoir-sediment samples are shown in table
17. Samples were selected from the cores on the basis of their
Cu contents (tables 12—-15). Samples containing median, low,
and high concentrations of Cu were selected. Concurrent
analyses of the NIST Pb isotope SRM-981 (n = 7) gave very
high precision and accuracy with measured Pb isotope ratios
accurate to within 1 part in 10,000 (table 17) of the certified
values. Lead isotope analyses of the other three SRM standard
samples gave Pb isotope results that are in good agreement
with long-term analyses of these standards using the leachate
digestion method (Unruh and others, 2000). Analysis of the
geochemical data shows a good correlation between leach-
able and total Cu (fig. 23A) and Pb (fig. 23B), but not Zn (fig.
23C). There are two populations of minerals containing Zn,
one of which is not leachable, indicating that some of the Zn
resides in a nonleachable silicate mineral. Likewise, these two
populations are evident in the plot of total Cu versus total Zn
(fig. 23F). There is good correlation between total Mn and
leachable Pb concentrations, indicating that the Mn oxide
minerals are one residence site for leachable Pb (fig. 23D) but
a poor correlation with leachable Zn (fig. 23E). Manganese
concentrations are only slightly elevated in sediment from the
area drained by the San Francisco River (Morenci area), but
Zn concentrations exceed four times crustal abundance (76
ppm, Fortescue, 1992) in the sediment from the San Francisco
River (table 5). Finally, the plot of leachable Cu and leachable
Pb concentrations indicates that there are two populations
of Cu-bearing material in sediment analyzed from the San
Carlos Reservoir cores (fig. 24B). The population of inter-
est is the one showing elevated concentrations of leachable
Cu, which are also the samples containing the elevated Cu
concentrations in the reservoir-sediment cores. The second
population is the geochemical background suite of reservoir-
sediment samples.
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Table 15. Geochemical data for Cu, Ph, Zn, Cd, As, and Hg from core 04SCR115, San Carlos Reservoir.

[ICP-AES, inductively coupled plasma—atomic emission spectrometry; ICP-MS, inductively coupled plasma—mass spectrometry; Hg CVAA, mercury cold-
vapor atomic absorption]

ICP-AES ICP-MS ICP-AES ICP-MS ICP-MS Hg CVAA
Field no. Depth Loss on ignition Cu Pb Zn Cd As Hg
(cm) (percent) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

04SCRI115La 2-7.5 10.69 123 28.7 134 0.41 10.2 0.07
04SCRI115Lb 7.5-13 10.40 123 29.7 134 0.42 11.0 0.04
04SCR115Lc 13-20 10.76 123 30.0 134 0.41 11.2 0.06
04SCRI115Ld 20-26 10.38 123 30.8 134 0.41 12.3 0.06
04SCRI115Le 26-33 9.76 144 31.8 133 0.41 9.5 0.06
04SCR115Lf 33-41 10.12 145 32.9 145 0.46 11.0 0.07
04SCR115Lg 41-49.5 11.11 158 32.6 146 0.45 11.3 0.05
04SCR115Lh 49.5-56 10.88 157 33.9 146 0.47 11.2 0.07
04SCRI115Li 56-61 10.71 190 32.1 134 0.46 12.3 0.06
04SCRI115Lj 61-67.5 10.52 201 32.3 134 0.47 12.3 0.06
04SCR115Lk 67.5-75.7 8.98 379 31.4 143 0.57 10.0 0.10
04SCRI115LI 75.5-82 10.30 540 32.2 178 0.71 8.0 0.09
04SCR115Lm 82-89 11.07 405 30.9 157 0.58 7.4 0.09
04SCR115Ln 89-96 9.74 299 30.0 144 0.52 7.3 0.07
04SCR115Lo 96-105.5 9.06 239 28.9 132 0.48 6.8 0.07
04SCR115Lp 105.5-113 10.34 201 32.0 134 0.47 11.2 0.08
04SCR115Lq 113-121 9.80 166 31.9 144 0.42 7.8 0.08
04SCR115Lr 121-127 10.00 167 32.9 144 0.44 9.3 0.08
04SCR115Ls 127-135.5 11.00 169 33.0 135 0.48 7.4 0.09
04SCR115Lt 135.5- 150 8.57 142 29.7 131 0.39 7.4 0.11
04SCR115Lu 150-155 9.83 133 32.8 133 0.42 10.5 0.06
04SCR115Lv 155-160 8.38 131 31.7 131 0.45 8.1 0.04
04SCR115Lw 160-165 8.20 131 30.7 120 0.42 8.2 0.04
04SCRI115Lx 165-170 9.15 143 36.1 143 0.46 8.5 0.04
04SCR115Ly 170- 175 8.37 131 32.7 131 0.46 8.7 0.03
04SCR115Lz 175-180 8.37 142 33.6 142 0.45 8.7 0.04
04SCR115Laa 180-185 10.71 123 332 146 0.50 9.4 0.04
04SCR115Lab (mean) 185-190 11.46 177 329 152 0.47 9.8 0.06
04SCR115Lac 190-195 10.91 135 37.7 168 0.49 10.0 0.06
04SCR115Lad 195-200 10.61 157 37.9 157 0.50 10.7 0.06
04SCR115Lae 200-206 10.30 312 32.0 145 0.46 9.6 0.03
04SCRI115Laf 206-210 10.16 156 31.6 134 0.47 8.2 0.04
04SCR115Lag 210-215 10.08 200 32.9 156 0.48 8.1 0.06
04SCR115Lah 215-220 9.82 226 31.6 144 0.44 9.8 0.06
04SCRI115Lai 220-225 9.76 188 30.4 144 0.43 10.2 0.03
04SCR115Laj 225-230 9.22 132 30.4 132 0.40 8.8 0.03
04SCR115Lak 230-235 9.72 122 31.5 155 0.39 8.9 0.04
04SCR115Lal 235-240 8.98 93 30.3 143 0.37 9.0 0.03
04SCR115Lam 240-245 9.25 90 31.0 143 0.37 9.8 0.03
04SCR115Lan 245-250 9.18 79 30.8 132 0.39 7.9 0.03
04SCR115Lao 250-255 8.78 100 32.0 143 0.38 10.1 0.04
04SCR115Lap 255-260 7.75 90 31.0 130 0.40 9.6 0.03
04SCR115Laq 260-265 9.13 91 31.5 132 0.42 9.7 0.03
04SCR115Lar (mean) 265-270 7.55 80 31.3 124 0.41 8.5 0.04
04SCR115Las 270-275 8.15 84 32.0 131 0.39 9.0 0.04
04SCR115Lat 275-280 8.76 142 36.7 164 0.50 11.0 0.04
04SCR115Lau 280-285 8.63 97 31.1 142 0.39 8.2 0.04
04SCR115Lav 285-291.5 8.73 90 32.0 142 0.48 8.0 0.04
04SCR115Law 291.5-295 9.15 106 33.1 154 0.44 10.5 0.04
04SCR115Lax 295-300 9.31 332 32.9 241 0.43 10.8 0.06
04SCR115Lay 300-305 8.73 1054 35.0 593 0.39 8.3 0.04

04SCR115Laz 305-310 9.36 93 335 154 0.43 9.9 0.04
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Table 15. Geochemical data for Cu, Ph, Zn, Cd, As, and Hg from core 04SCR115, San Carlos Reservoir—Continued.
ICP-AES ICP-MS ICP-AES ICP-MS ICP-MS Hg CVAA
Field no. Depth Loss on ignition Cu Ph Zn Cd As Hg
(cm) (percent) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

04SCR115Lba 310-315 10.20 94 35.0 156 0.42 9.1 0.06
04SCR115Lbb 315-320 10.23 89 334 134 0.45 8.9 0.03
04SCR115Lbc 320-325 9.98 103 31.8 144 0.43 8.6 0.04
04SCR115Lbd 325-330 8.98 103 323 132 0.40 9.1 0.04
04SCR115Lbe 330-335 9.78 133 36.9 144 0.48 11.0 0.04
04SCR115Lbf 335-340 9.98 100 31.8 133 0.44 11.1 0.03
04SCR115Lbg 340-345 8.98 91 30.7 132 0.37 9.8 0.04
04SCR115Lbh 345-350 7.19 83 28.2 108 0.37 7.5 0.04
04SCR115Lbi 350 -355 5.57 79 25.7 98 0.30 6.5 0.03
04SCR115Lbj 355-360 8.17 77 25.6 87 0.35 6.9 0.04
04SCR115Lbk (mean) 360-365 4.97 66 22.8 80 0.25 6.4 0.02
04SCR115Lbl 365-370 5.38 59 21.8 79 0.26 5.3 0.02
04SCR115Lbm 370-375 7.39 76 32.7 140 0.39 8.0 0.03
04SCR115Lbn 375-380 9.98 81 42.4 156 0.51 9.1 0.04
04SCR115Lbo 380-385 9.18 83 32.2 132 0.41 8.5 0.04
04SCR115Lbp 385-390 9.08 78 36.3 121 0.44 10.6 0.05
04SCR115Lbq 390-395 9.78 79 41.7 133 0.51 9.2 0.08
04SCR115Lbr 395-400 9.56 75 37.5 122 0.46 8.5 0.06
04SCR115Lbs 400405 7.75 70 29.3 106 0.35 8.2 0.04
04SCR115Lbt 405410 7.19 66 27.6 101 0.32 6.6 0.04
04SCR115Lbu 410415 9.36 95 31.9 121 0.35 9.5 0.04
04SCR115Lbv 415420 7.76 83 31.7 119 0.37 8.5 0.04
04SCR115Lbw 420425 7.16 71 30.1 97 0.34 8.2 0.04
04SCR115Lbx 425430 9.74 111 31.0 133 0.39 9.5 0.06
04SCR115Lby 430-435 8.78 79 33.0 143 0.36 9.2 0.03
04SCR115Lbz 435-440 8.00 92 28.3 130 0.33 8.9 0.02

Lead isotope data from stream-bed-sediment samples are
shown in figure 24A. Because the Pb isotope ratios covary,
206Pb/204Pb values will be used throughout the discussion of
these data. The 206Pb/204Pb data from sediment from the San
Francisco River drainage have low 206Pb/204Pb values, but
those 206Pb/204Pb values are substantially higher than the data
published for ore Pb from the Morenci porphyry Cu deposit.
Bouse and others (1999) report 206Pb/204Pb data from three
Cu sulfide samples (chalcopyrite) from Morenci deposit with
206Pb/204Pb values that range from 17.403 to 17.503 and a
single analysis of Pb in chalcopyrite from the unmined Dos
Pobres porphyry Cu deposit with a 206Pb/204Pb value of
17.550. These data are in good agreement with the 206Pb/204Ph
data from the Dos Pobres pluton (17.540 to 17.557) and with
the Lone Star pluton in the Safford area (fig. 1), which has
206Pb/204Ph values between 17.40 and 17.678. Lead isotope
signatures in the alteration halos surrounding porphyry depos-
its often have Pb isotope values that are higher than the ore
because of the complex nature of the hydrothermal circulation
pattern established during deposit formation (for example,
Gulson and others, 1992). Unfortunately, the uniformity of the
206Pb/204Ph data requires that we rely heavily on both geo-

chemical and spatial data to pinpoint the source of the con-
taminated sediment in the San Carlos Reservoir.

The Pb isotope composition of sediment from the upper
Gila River, upstream from the confluence with the San Fran-
cisco River (fig. 24A), has a 206Pb/204Pb value of 18.608. In
contrast, the Pb isotope composition in sediment from the San
Francisco River near the Morenci mine is 18.20 and 18.41
(table 17 and fig. 24A) and reflects the composition of Pb in
the Morenci deposit and the surrounding mineralized rock.
Lead in sediment in the Gila River downstream from the
confluence but upstream from the Safford Valley has lower
206Pb/204Pb values that are depressed (18.47 to 18.48) by
the addition of sediment from the San Francisco River. The
modern sediment load being supplied by the Safford Valley
reach of the Gila River raises the 206Pb/204Pb values in the
Safford Valley reach to > 18.65 (fig. 24A), values that exceed
that of two of the three 206Pb/204Pb values measured in ter-
race-sediment samples from the Calva site. Pulses of Cu-rich
sediment from the Morenci mine area preserve the lower
206Pb/204Pb signature (fig. 24B) in sediment upstream from
the Safford Valley but not the ore-Pb signature in sediment in
either the lower Gila River or the San Carlos Reservoir. The
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Table 16. Calculated sediment-accumulation rates using radiometric and geochemical markers

identified in San Carlos Reservoir cores.

Depthto  Sedimentatio DepthtoCu Assigned Sedimentation Sedimentation rate
1963 ¥7Cs n rate peak or date rate over dated interval
peak (cm/yr) interval (cm) (cm/yr) (cm/yr)
(cm)
04SCR110 108 2.6 48 1978-83 1.8
04SCR111 150 3.7 33-73 1978-83 2.8
04SCR112 180 4.4 63-123 1978-83 4.7
158 1967 4.3 32
248 19577 5.3 9.0
04SCR115 190 4.6 70-135 1978-83 5.2
203 1967 5.5 6.2
303 19577 6.4 10.0
375-405 19372 6.0 5.1

ore-Pb isotope signature in core intervals from the San Carlos
Reservoir are diluted by the higher 200Pb/294Pb composition of
Pb in the surrounding sediment in the 5-cm intervals analyzed.
The lower 206Pb/204Pb values measured in the terrace sedi-
ment from Calva (fig. 24) suggest that sediment in the lower
Gila River reach today contains a larger component of material
introduced by the agricultural practices in the Safford Valley
than in the past. Prior to mining, erosion of the porphyry Cu
deposit exposed in the Morenci area had a larger affect on the
sediment preserved in the terrace deposits, as indicted by the
lower 206Pb/204Pb values in the terrace sediment. Whereas the
206Pb/204Ph signature and the reservoir-sediment chemistry of
Cu peaks in the reservoir sediment (table 17) indicate a source
upstream on the San Francisco River, Cu concentration data
from the terrace deposits in the Safford Valley (table 7 and fig.
17) are not sufficiently high to implicate these terrace deposits
as possible erosional sources of the elevated Cu concentrations
in the San Carlos Reservoir. The 296Pb/204Pb data, elevated Pb
and Cu concentrations, and the geochronological data from the
San Carlos Reservoir sediment implicate the Morenci por-
phyry Cu deposit as the source of these Cu anomalies.

Results from Dioxins/Furans Analysis

Concentrations for 17 dioxin and furan congeners were
determined in the 30-cm intervals from core 04SCR112.
The toxic equivalent concentrations (TEQ) were calculated
assuming that the concentration of congeners reported as
nondetected have a concentration of one-half the detection
limit; these data are reported in table 18. The total HpCDD
concentration was used instead of the 1,2,3,4,6,7,8-HpCDD
concentration in the TEQ calculation because it was measured.
The TEQ concentration verses depth is plotted in figure 25.
The United States does not have sediment quality guidelines
for dioxin, but the benchmark TEQ values most often cited

include the U.S. Army Corps of Engineers (1,000 pg/g), the
U.S. EPA, Region 10 dredge spoils disposal guideline (4 pg/g),
U.S. EPA Fish and Wildlife (bird and mammal) guidelines
developed specifically for Lake Ontario (2.5-210 pg/g), and
the dioxin benchmark of 10 pg/g proposed by the Science
Advisory Board of the International Joint Commission for
Great Lakes sediments (Wenning and others, 2004). The TEQ
values for core 04SCR112 are less than any of these bench-
mark TEQ values, and, thus, dioxin in reservoir sediment does
not pose a threat to benthic or aquatic biota on the basis of
these criteria.

Conclusions

Detailed geochemical studies of stream-bed sediment,
terrace sediment, and sediment cored from the San Carlos Res-
ervoir in October 2004 document the effect of development
of the Safford Valley and the Morenci mine on the geochemi-
cal landscape upstream from Coolidge Dam. Geochemical
and radioisotope data from four cores collected from the San
Carlos Reservoir define the spatial and chronological variation
of six potentially toxic metals—Cu, Pb, Zn, Cd, As, and Hg.
Water levels in the San Carlos Reservoir were at a 20-year low
in the fall of 2004, at an elevation of 2,409 ft, which allowed
coring of the reservoir at sites with recovery of as much as 4
m of sediment from the San Carlos Reservoir. Four cores were
taken from the reservoir: one from the San Carlos River arm,
one from the Gila River arm, and two from the upper part of
the San Carlos Reservoir. 7Be, 137Cs, and 210Pb activities were
determined, and a chronology for sediment deposition was
developed on the basis of measured radioisotope activities in
conjunction with discharge records and water levels. A good
chronological model from the data can be derived back to
1959. The chronology prior to 1953 is speculative and based
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San Francisco River discharge at Clifton, 1929-1949
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San Francisco River discharge at Clifton, 1970-1989
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Figure 23. Plots of leachable and total metal concentrations (table 17) showing variance between A, Cu; B, Pb; C, Zn; D, Mn and Pb; E, Mn and Zn; and F, Cu and Zn.
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Table 18. Dioxin concentrations, expressed as Toxic Equivalents (TEQ), in core 04SCR112, San

Carlos Reservoir (October 2004).

Blind TEQ
sample ID Depth interval (cm) Mid depth (cm) (pg/g dry weight)
10 0-30 1.5 0.83
5 30-60 45 1.37
7 60-90 75 1.19
6 90-120 105 0.86
9 120-150 135 0.77
2 150-180 165 0.70
1 180-211 195.5 0.85
3 211-240 225.5 0.70
8 240-270 255 0.75
4 270-305 287.5 0.68

upon correlation of geochemical and historical data. Radio-
isotope chronology prior to 1953 was not possible because the
reservoir was dry during a substantial portion of the record and
sediment-accumulation rates were not uniform. We recovered
sediment at the base of a 4-m-long core (04SCR115) that may
date back to the late 1930s or early 1940s. The sedimentologi-
cal record contains two discrete events, one between 1978 and
1983 and one during the late 1950s (1957?), where the Cu
concentration in reservoir sediment exceeded recommended
sediment-quality guidelines and should have had an effect on
sensitive aquatic and benthic organisms. Concentrations of Zn
determined in sediment deposited during the 1957(?) event
recorded in core 04SCR115 in the reservoir also exceeded
recommended sediment-quality guidelines. Concentration
data for Cu from the four cores clearly indicate that the source
of this material was upstream on the Gila River. The 1957(?)
event was a single pulse, probably of metal-contaminated
water that may or may not correspond with a flood event
recorded at the gauge on the San Francisco River. This event
represents a discrete pulse that would have had only a short-
term effect on benthic and aquatic life in the reservoir. The
second event is interpreted to be the result of mining prac-
tices at the Morenci open pit. As mining proceeded, the mine
encroached on—and eventually completely removed—Chase
Creek. As a result, several tens of centimeters of reservoir
sediment were contaminated during this time period, and
benthic and aquatic life in both the Gila River and San Carlos
Reservoir were exposed to elevated concentrations of Cu that
greatly exceeded recommended sediment-toxicity guidelines.
The metals released during these events show no evidence
that they have been recycled by burrowing organisms in the

reservoir, as indicated by the sharp boundaries at the top of the
sediment interval representing these events.

Lead isotope data, coupled with the geochemical data
from a 2M HCI-1 percent H,O, leach of selected reservoir-
sediment samples, show two discrete populations of data. One
represents the abundant sediment derived from the Safford
Valley, and a second reflects sediment derived from the San
Francisco River. The Cu spikes in contaminated intervals from
the reservoir cores have chemical and Pb isotope signatures
that indicate that open-pit mining at Morenci is the likely
source of the Cu-rich sediment layers in the cores from the
San Carlos Reservoir. Copper concentrations and Pb iso-
tope data in the premining terrace-sediment deposits indicate
that the Cu peaks could not have resulted from erosion of
premining sediment. The chemical and Pb isotope data also
indicate that agricultural practices in the Safford Valley have
resulted in an increased sediment load to the Gila River since
large-scale farming began, prior to the time when the San
Carlos Reservoir was built.

Analysis of dioxin, which is an impurity in one of the
herbicides used in the late 1960s and early 1970s to attempt
to eradicate tamarisk, were completed in sediment from
core 04SCR112 from the reservoir to determine whether any
of these pesticide residues have accumulated in reservoir
sediment. These data were determined using the very low
concentration EPA method 8290 (U.S. EPA, 1994). Dioxin
concentration is expressed in terms of its toxicity (TEQ).
Concentrations in the sediment ranged from 0.68 to 1.37
pg/g and are less than any of the benchmark concentrations
recommended as threshold values for dioxin in sediment

(2.5-10 pg/g).



50 —

100 —

150 —

DEPTH, IN CENTIMETERS

200 —

250 —

300 PR AN AT WO NN SR NN S N T R
0 0.2 0.4 0.6 0.8 1 1.2 14

DIOXINS (TEQ), IN PICOGRAMS PER GRAM DRY WEIGHT

Figure 25. Plot of dioxin concentrations, expressed in TEQ units,
versus depth in core 04SCR112. Recommended benchmark values of
TEQs are: U.S Army Corps of Engineers, 1,000 pg/g; U.S. EPA, Region
10, 4 pg/g; U.S. EPA Fish and Wildlife guidelines, 2.5-210 pg/g; Science
Advisory Board of the International Joint Commission on Great Lakes
sediment, 10 pg/g.

References Cited 59

References Cited

Baker, D.L., and King, K.A., 1994, Environmental contami-
nant investigation of water quality, sediment and biota
of the upper Gila River, Arizona: U.S. Fish and Wildlife
Report, 27 p., available at URL http://arizonaes.fws.gov/
Documents/InvestigationReports/UpperGilaRiver1994.pdf.

Bouse, R.M., Ruiz, Joaquin, Titley, S.R., Tosdal, R.M., and
Wooden, J.L., 1999, Lead isotope compositions of Late Cre-
taceous and early Tertiary igneous rocks and sulfide miner-
als in Arizona—Implications for the sources of plutons and
metals in porphyry copper deposits: Economic Geology,

v. 94, p. 211-244.

Burkham, D.E., 1970, Precipitation, streamflow, and major
floods at selected sites in the Gila River drainage basin
above Coolidge Dam, Arizona—Gila River Phreatophyte
Project, Graham County, Arizona: U.S. Geological Survey
Professional Paper 655-B, 33 p.

Burkham, D.E., 1972, Channel changes of the Gila River in
Safford Valley, Arizona 1846—1970—Gila River Phreato-
phyte Project, Graham County, Arizona: U.S. Geological
Survey Professional Paper 655-G, 24 p.

Briggs, P.H., 2002, The determination of forty elements in
geological and botanical samples by inductively coupled
plasma—atomic emission spectrometry: U.S. Geological
Survey Open-File Report 02-223-G, 20 p.

Briggs, P.H., and Meier, A.L., 2002, The determination of
forty-two elements in geological materials by inductively
coupled plasma—mass spectrometry: U.S. Geological Survey
Open-File Report 02-223-1, 16 p.

Brown, Z.A., O’Leary, R.M., Hageman, P.L., and Crock, J.G.,
2002, Mercury in water, geologic, and plant materials by
continuous-flow cold-vapor atomic absorption spectrom-
etry: U.S. Geological Survey Open-File Report 02-223-M,
11 p.

Church, S.E., Kimball, B.A., Fey, D.L., Ferderer, D.A., Yager,
T.J., and Vaughn, R.B., 1997, Source, transport and parti-
tioning of metals between water, colloids, and bed sedi-
ments of the Animas River, Colorado: U.S. Geological
Survey Open-File Report 97-151, 135 p.

Cox, D.P,, 1986, Descriptive model of porphyry Cu, in Cox,
D.P, and Singer, D.E., eds., Mineral deposit models: U.S.
Geological Survey Bulletin 1693, p. 76.

Culler, R.C., Leppanen, O.E., Matalas, N.C., Davidson, E.S.,
Weist, W.G., Jr., Collins, M.R., Burkham, D.E., Myrick,
R.M., Turner, R.M., Laney, R.L., Miller, R.F., and McQueen,
L.S., 1970, Objectives, methods, and environment—Gila
River Phreatophyte Project, Graham County, Arizona: U.S.
Geological Survey Professional Paper 655-A, 25 p.



60 Assessment of Metals, Dioxin in Sediment, San Carlos Reservoir and Gila, San Carlos, and San Francisco Rivers, Ariz.

Culler, R.C., Hanson, R.L., Myrick, R.M., Turner, R.M., and
Kipple, E.P., 1982, Evaporatranspiration before and after
clearing phreatophytes, Gila River flood plain, Graham
County, Arizona: U.S. Geological Survey Professional
Paper 655-P, 67 p.

Cutshall, N.H., Larsen, I.L., and Olsen, C.R., 1983, Direct
analysis of 210Pb in sediment samples: Self-adsorption cor-
rections: Nuclear Instrumental Methods Physics Research,
v. 26, p. 309-312.

Enders, M.S., 2000, The evolution of supergene enrichment
in the Morenci porphyry copper deposit, Greenlee County,
Arizona: University of Arizona, Tucson, Ph.D. dissertation,
517 p.

Fey, D.L., Unruh, D.M., and Church, S.E., 1999, Chemical
data and lead isotopic compositions in stream-sediment
samples from the Boulder River watershed, Jefferson
County, Montana: U.S. Geological Survey Open-File Report
99-575, 147 p., available at URL http://pubs.usgs.gov/of/
1999/0fr-99-0575/.

Fortescue, J.A.S., 1992, Landscape geochemistry—Retrospect
and prospect—1990: Journal of Applied Geochemistry, v. 7,
p. 1-54.

Flynn, W.W., 1968, The determination of polonium-210 in
environmental materials: Analytica Chimica Acta, v. 43,
p- 121-131.

Gulson, B.L., Church, S.E., Mizon, K.G., and Meier, A.L.,
1992, Lead isotopes in iron and manganese oxide coat-
ings and their use as a guide for concealed mineralization:
Applied Geochemistry, v. 7, p. 495-511.

Horowitz, A.J., Robbins, J.A., Elrick, K.A., and Cook, R.B.,
1996, Bed sediment—trace element geochemistry of Terrace
Reservoir, near Summitville, southwestern Colorado: U.S.
Geological Survey Open-File Report 96-344, 41 p.

Houser, B.B., Richter, D.H., and Shafiquallah, M., 1985,
Geologic map of the Safford quadrangle, Graham County,
Arizona: U.S. Geological Survey Miscellaneous Investiga-
tions Map 1-1617, scale 1:48,000.

Kamilli, R.J., and Richard, S.M., eds., 1998, Geologic high-
way map of Arizona: Tucson: Arizona Geological Society
and Arizona Geological Survey, scale 1:1,000,000.

Keith, S.B., Gest, D.E., DeWitt, Ed, Toll, N.W., and Everson,
B.A., 1983, Metallic mineral districts and production in
Arizona: Arizona Bureau of Geology and Mineral Technol-
ogy Bulletin 194, 58 p.

Kipple, EP., 1977, The hydrologic history of the San Carlos
Reservoir, Arizona, 1929-71, with particular reference to
evapotranspiration and sedimentation: U.S. Geological
Survey Professional Paper 655-N, 11 p.

Lindgren, Waldemar, 1905, The copper deposits of the
Clifton-Morenci district, Arizona: U.S. Geological Survey
Professional Paper 43, 375 p.

MacDonald, D.D., Ingersoll, C.G., and Berger, T.A., 2000,
Development and evaluation of consensus-based sediment
quality guidelines for freshwater ecosystems: Archives
of Environmental Contamination and Toxicology, v. 39,

p. 20-31.

Moolick, R.T., and Durek, J.J., 1966, The Morenci district, in
Titley, S.R., and Hicks, C.L., eds., Geology of the porphyry
copper deposits—Southwestern North America: Tucson,
University of Arizona Press, p. 221-231.

NATO/CCMS, 1988, International toxicity equivalence factor
(I-TEF) method of risk assessment for complex mixtures
of dioxins and related compounds: NATO, Committee on
Challenges of Modern Society, Report 176, August 1988.

Potts, P.J., Tindle, A.G., and Webb, P.C., 1992, Geochemical
reference material compositions: rocks, minerals, sediments,
soils, carbonates, refractories and ores used in research and
industry: Boca Raton, CRC Press, 313 p.

Richard, S.M., Reynolds, S.J., Spencer, J.E., and Pearthree,
P.A., compilers, 2000, Geologic map of Arizona: Arizona
Geologic Survey Map 35, scale: 1,000,000.

Robbins, J.A., 1978, Geochemical and geophysical applica-
tions of radioactive lead, in Nriagu, J.O., ed., Biogeochem-
istry of lead in the environment, Part A.: Amsterdam, Neth-
erlands, Elsevier Scientific Publishers, v. 1A, p. 285-393.

Robbins, J.A., Reddy, K.R., Holmes, C.W., Morehead, N.R.,
Marot, M.E., and Rood, R.W., 1999, Sediment core dat-
ing: West Palm Beach, Fla., Report of South Florida Water
Management District, C-5324, 56 p.

Robbins, J.A., Holmes, C.W., Halley, R.B., Bothner, M.A.,
Shinn, E.A., Graney, J., Keeler, G., TenBrink, M., Orlan-
dini, K.A., and Rudnick, D.E., 2000, Time-averaged flux of
lead and fallout radionuclides to sediment in Florida Bay:
Journal of Geophysical Research, v. 105, p. 28,805-28,821.

Schmitt, C.J., and Brumbaugh, W.G., 1990, National contami-
nant biomonitoring program—Concentrations of arsenic,
cadmium, copper, lead, mercury, selenium, and zinc in U.S.
freshwater fish, 1976-1984: Archives of Environmental
Contamination and Toxicology, v. 19, p. 731-747.

Sellers, W.D., ed., 1960, Arizona climate: Tucson, University
of Arizona Press, 60 p.

Simon, S.L., Bouville, André, and Beck, H.L., 2004, The geo-
graphic distribution of radionuclide deposition across the
continental U.S. from atmospheric nuclear testing: Journal
of Environmental Radioactivity, v. 74, p. 91-105.



Smith, K.S., 1999, Metal sorption on mineral surfaces—An
overview with examples relating to mineral deposits, in
Plumlee, G.S., and Logsdon, M.J., eds., The environmental
geochemistry of mineral deposits—Part A, Processes, tech-
niques, and health issues: Society of Economic Geologists,
Reviews in Economic Geology, v. 6, p. 161-182.

Turner, R.M., 1974, Quantitative and historical evidence of
vegetation changes along the upper Gila River, Arizona—
Gila River Phreatophyte Project, Graham County, Arizona:
U.S. Geological Survey Professional Paper 655-H, 20 p.

Unruh, D.M., Fey, D.L., and Church, S.E., 2000, Chemical
data and lead isotopic compositions of geochemical baseline
samples from streambed sediments and smelter slag, lead
isotopic compositions in fluvial tailings, and dendrochro-
nology results from the Boulder River watershed, Jefferson
County, Montana: U.S. Geological Survey Open-File Report
00-38, 75 p.

U.S. Department of Energy, 2000, United States nuclear tests,
July 1945 through Sept., 1992 (15th ed.), 162 p., avail-
able at URL http://www.fas.org/nuke/guide/usa/nuclear/
usnuctests.htm.

U.S. Geological Survey, 1974, State of Arizona, scale
1:1,000,000, 1 sheet.

U.S. Geological Survey, station number 09469000, San Carlos
Reservoir at Coolidge Dam, AZ, State 04, county latitude:
331032, longitude: 1103138, NAD 27 DATUM 25 39.54
NGV D29, date processed: 2004-09 17:13 by sdfran, Obser-
vation at 2400, Gage height reservoir ELEV COMP DD3.

References Cited 61

U.S. Geological Survey, Water-Supply Papers: Surface Water
Supply of the United States, Part 9 Colorado River Basin,
U.S. Department of the Interior, [see table 1 for listing of
individual reports].

U.S. Geological Survey in cooperation with the State of Ari-
zona and other agencies, Water Resources Data for Arizona:
U.S. Geological Survey Water-Data Reports, [see table 1 for
listing of individual reports].

U.S. Geological Survey—Water Resources Division, Surface
water Records for Arizona: U.S. Department of the Interior,
1961-1964.

U.S. Geological Survey—Water Resources Division, Water-
resources data for Arizona, Part 1: Surface-Water Records:
U.S. Department of the Interior, 1965-1974.

U.S. Environmental Protection Agency test methods SW 846
online, 1994: U.S. Environmental Protection Agency, avail-
able at URL http://www.epa.gov/epaoswer/hazwaste/test/
pdfs/8290.pdf.

Wenning, R., Von Burg, A., Martello, L., Pekala, J., Maier,
M., and Luksemburg, W., 2004, Levels of polychlorinated
dibenzo-p-dioxins (PCDDS), dibenzofurans (PCDFS), and
polychlorinated biphenyls (PCBS) in the Hackensack River
and Newark Bay, New Jersey, USA: Organohalogen com-
pounds, v. 66, p. 1,509-1,515.

Published in the Central Region, Denver, Colorado
Manuscript approved for publication April 26, 2005

Editing, page layout, photocomposition—Richard W. Scott, Jr.
Graphics—Stanley E. Church and Barbara J. Ramsey



	CoverSIR5086.pdf
	sir5086frontonline.pdf
	sir5086body.pdf

