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Base- and Precious-Metal Concentrations of 
Early Proterozoic Massive Sulfide Deposits in Arizona
Crustal and Thermochemical Controls of Ore Deposition 

By Ed DeWitt 

ABSTRACT 

Of the 70 known Early Proterozoic massive sulfide 
deposits and prospects in Arizona, 48 have production data 
that can be used to infer differences about the origins of the 
various deposits. Thirteen massive sulfide metallic mineral 
districts contain 48 mines and prospects that, from 1884 
through 1978, produced 55.3 million tons of ore containing 
3.99 billion lb of Cu, 237 million lb of Pb, 1.0 billion lb of 
Zn, 75.2 million oz of Ag, and 2.0 million oz of Au. Aver
age produced grades were 3.6 percent Cu, 0.2 percent Pb, 0.9 
percent Zn, 1.36 oz/ton Ag, and 0.037 oz/ton Au. Because Pb 
and Zn were recovered only sporadically, in-situ grades of 
any deposit that contained Pb and Zn are higher than the 
averages indicated by the production figures above, about 
0.5 percent Pb and 3-10 percent Zn. Ag/Au ratios for all 
deposits averaged 37, but ranged from 8 to 462 for deposits 
producing more than 20,000 tons of ore. Precious-metal con
centrations ranged from less than 0.001 to 0.12 oz/ton for Au 
and from 0.009 to 3.56 oz/ton for Ag in deposits that 
produced more than 20,000 tons of ore. 

Low-Au, low-Ag, high Ag/Au ore of the Hualapai and 
Old Dick districts contrasts markedly with the average for 
districts in the Prescott-Jerome area. These differences were 
likely caused by regional variations in the crust underlying 
western Arizona. Mojave-type crust, characterized by ele
vated 207Pbt204Pb and Th/U values compared to central Ari·
zona~ underlies western Arizona and was partially melted to 
form much of the metavolcanic strata that host massive sul
fide deposits in the Hualapai and Old Dick districts. Appar
ently, Early Proterozoic Mojave-type crust is impoverished 
in precious metals compared to the crust underlying central 
Arizona. 

Younger (post-1,730 Ma and Phanerozoic) vein depos
its in central and western Arizona formed largely in plutonic 
rocks that intruded Mojave-type crust. These deposits are 
characteristically gold-rich and have low Ag/ Au values. 
This metallogenic signature is probably a crustal-scale phe
nomenon related to emplacement of voluminous plutons 
from 1,690 to 1,740 Ma that largely obliterated the 

metallogenic characteristics of the Early Proterozoic 
Mojave-type crust. 

Low-Cu, high-Pb ore of the Big Bug district contained 
the highest precious metal concentrations, Au averaging 
0.075 oz/ton and Ag averaging 2.65 oz/ton. Small deposits 
having metal ratios similar to the average for the Big Bug 
district are present in the Old Dick, Verde, and Agua Fria 
districts, and their presence indicates that local thermochem
ical controls of ore deposition, not regional factors, were 
important in the localization of these massive sulfide depos
its that contain elevated precious-metal concentrations. 
Deposition of ore minerals at temperatures below 300°C 
from a sulfur-rich hydrothermal fluid is the most likely cause 
for the enhanced precious-metal concentrations, not forma
tion of the deposits in a setting distal from volcanism. 

Low-Au, low-Ag ore, locally present in the Agua Fria 
and Verde districts, also contrasts markedly with the average 
for districts in the Prescott-Jerome area. A likely cause of 
this depletion in precious metals is deposition of ore miner
als in these deposits from hydrothermal fluids having tem
peratures in excess of 300°C, a temperature too high for most 
chloride and sulfide complexes to transport large concentra
tions of gold and silver in solution. Deposits of this type 
appear to have formed within rhyolite flows and tuffs, not at 
the contact of felsic and more mafic rocks. 

INTRODUCTION 

Early Proterozoic massive sulfide deposits associated 
with submarine mafic to felsic metavolcanic rocks are 
present throughout central, west -central, and northwestern 
Arizona (Anderson and Guilbert, 1979; DeWitt, 1983, 1987; 
Keith and others, 1983, 1984; Conway and Silver, 1986; 
Eastoe and others, 1987; Donnelly and Conway, 1988; Lind
berg, 1989). Production data for copper, lead, zinc, gold, and 
silver (Arizona Geological Survey, unpub. data, 1992) for 
most of the known deposits and prospects in 13 metallic min
eral districts (Welty and others, 1985) are summarized here. 
Nine of the thirteen districts have recorded production; only 
the Gray's Gulch and Bronco Creek districts southeast of 
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Figure 1. Map of central and northwestern Arizona showing location of Early Proterozoic massive sulfide metallic mineral districts. 

Payson and the Pittsburg-Tonto and Pranty' s Cabin districts 
south of Payson (fig. 1) lack data and are not discussed. 
These four districts produced little ore; omission of their pro
duction totals does not materially affect the trends noted for 
the area shown on figure 1. Production data for the remain
ing nine districts, which contain 48 mines for which metal 
data are available, allow trends in metal content and metal 
ratios from mine to mine and district to district to be evalu
ated. Some of these trends were noted by DeWitt (1983) and 
Lindberg (1989). 

Data used in this paper have been thoroughly checked 
for accuracy and completeness; however omissions are prob
ably the most likely source of error. Small mines and depos
its are particularly likely to have incomplete production 
records, as are many mines that operated in the late 1800's 
and earliest 1900's. Metal contents, ratios, and trends are 
most reliable for large mines and those having complete and 
verifiable records. Some published production data for mas
sive sulfide deposits in Arizona disagree with the data sum
marized here (examples are the Iron King Mine in the Big 
Bug district (Gilmour and Still, 1968) and some of the notes 
in Donnelly and Conway, 1988); data summarized in this 
paper should supersede earlier summaries. Rigorous statis
tical treatment of the production data is not deemed appro
priate, as ore types have been somewhat homogenized by the 
reporting of amounts of ore and metals on a yearly basis. 

This in-depth comparison of metal ratios and concen
trations based on production records is valid, primarily, 
because all the massive sulfide deposits were mined by the 
same underground techniques, and similar base and precious 
metals were extracted throughout the lifetimes of the mines. 
Milling techniques were similar from deposit to deposit, and 
smelting procedures, recoveries, and returns were similar 
due to the small number of smelters operative during the life
time of most mines. Therefore, different mining techniques 
did not result in widely different dilution rates for stra
tabound ores. Only the largest mine, the United Verde 
(Verde district), experienced changes in smelter technology; 
those changes are reflected in the production data. Also, 
except where noted, yearly production grades for various 
metals approximate the in-situ concentrations of ore zones. 
Average production grades, especially for lead and zinc, may 
or may not reflect in-situ concentrations, as some metals 
were not produced throughout the lifetime of various mines. 

DISTRIBUTION, AGE, AND 
CHARACTERISTICS OF DEPOSITS 

Metavolcanic rocks of basaltic to rhyolitic composition 
are host to numerous Early Proterozoic, syngenetic, massive 
sulfide deposits in central Arizona. Although most of the 
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deposits are in the Prescott-Jerome region of central 
Arizona, mines and prospects are noted from the northwest
em part of the state to the east-central part of the state (fig. 
1). The deposits are within 1,700- to 1,780-Ma metavolcanic 
strata. All deposits in the Prescott-Jerome area are hosted by 
1,740- to 1,780-Ma mafic to felsic metavolcanic strata 
(Anderson and others, 1971; Anderson and Silver, 1976; 
Anderson, 1978, 1987, 1989a,b; Donnelly and Hahn, 1981; 
Bowring and others, 1986; Karlstrom and others, 1987). 
Deposits in the western part of the state (Hualapai and Old 
Dick districts) are in mixed metavolcanic and metasedimen
tary strata that are about 1,730 Ma (Silver, 1968; Bryant and 
Wooden, 1986; Chamberlain and Bowring, 1990; Wooden, 
unpub. data, 1990). These deposits near Payson are associ
ated with felsic to mafic metavolcanic strata that are 
1,700-1,730 Ma (Gastil, 1958; Ludwig, 1973; Conway, 
1976; Silver and others, 1986; Conway and Karlstrom, 1986; 
Karlstrom and others, 1990). Massive sulfide deposits are 
associated neither with Early Proterozoic, predominantly 
subaerial, felsic metavolcanic rocks (Wilson, 1939; Conway, 
1976; Conway and Silver, 1989) that are younger than 1,700 
Ma nor with the pelitic and psammitic Pinal Schist of 
southeastern Arizona. 

Some deposits, such as the United Verde, Bruce and 
Old Dick, and to a lesser extent the Stoddard and Antler, 
have the classic features associated with submarine, volcan
ogenic deposits (Hutchinson, 1973; Franklin and others, 
1981): stratabound nature, massive sulfide ore at the top of a 
major rhyolite body, zonal arrangement of metals within the 
deposit, and chloritic alteration pipe beneath the deposit.. 
Others, such as the Iron King, Bluebell, Copper World, and 
Kay, appear to lack recognizable chlorite alteration pipes 
and metal zonation within the deposits, and instead include 
extensive areas of sericite-rich rocks and minor chlorite-rich 
rocks. Some, such as the Huron, Swindler, and Orizaba, 
have alteration pipes characterized by aluminosilicate-rich 
rocks and epidote (O'Hara, 1987a; DeWitt, unpub. data, 
1989; O'Hara and Long, 1991). 

Some deposits have been studied in detail, principally 
the Iron King Mine, in the Big Bug district (Gilmour and 
Still, 1968, and references cited therein); the Bruce Mine, in 
the Old Dick district (Baker and Clayton, 1968; Larson, 
1984 and references cited therein); the United Verde Mine, 
in the Verde district (Anderson and Creasey, 1958; Lind
berg, 1986c, 1989; DeWitt and Waegli, 1989; Gustin, 1990), 
and the United Verde Extension Mine, in the Verde district 
(White, 1986a). Others, principally the Copper Queen Mine, 
in the Agua Fria district (Brook, 1974); the Antler arid 
Copper World Mines, in the Hualapai district (Romslo, 
1948; More, 1980); and the Copper Chief Mine, in the Verde 
district (Johnson, 1986b; Lindberg, 1986b), have been inves
tigated in less detail. Many, however, have not been mapped 
or sampled since Lindgren's (1926) report on mines in the 
Prescott-Jerome region. This summary paper and previous 
summaries (Anderson and Guilbert, 1979; DeWitt, 1983; 

Lindberg, 1989) reveal trends in metal concentrations that 
were caused by first -order crustal differences and sec
ond-order thermochemical conditions of ore deposition. 
Obviously, additional work is needed on most deposits 
before they will be more fully understood. 

OVERALL DISTRICT SUMMARY 

The 48 massive sulfide deposits in Arizona for which 
production data are available produced 55.3 million tons of 
ore that contained 3.99 billion lb of Cu, 237 million lb of Pb, 
1.02 billion lb of Zn, 75.2 million oz of Ag, and 2.06 million 
oz of Au (table 1). From all districts, ore averaged 3.6 per
cent Cu, 0.2 percent Pb, 0.9 percent Zn, 1.35 oz/ton Ag, and 
0.037 oz/ton Au. Averaged lead and zinc grades are artifi
cially low, as most mines did not produce lead- and zinc-rich 
ore because they were penalized at the smelter for zinc. 
Lead, when produced, normally averaged less than 0.5 per
cent except for deposits in the Big Bug district. Zinc, when 
produced, averaged 3-10 percent. Copper, silver, and gold 
grades most accurately reflect the metal concentrations of 
the deposits because these metals were always profitably 
extracted. However, even gold and silver grades could have 
been partly biased if precious-metal-rich parts of various 
deposits were not mined because they were zinc-rich. There
fore, the combined Cu-Pb-Zn content of most deposits aver
aged about 7 percent, but was poor in lead. Silver/gold ratios 
averaged 37 but varied from 183 for the Old Dick district to 
12 for the Zonia district. 

Of the nine massive sulfide districts for which produc
tion data are available, the Verde district produced by far the 
most ore and metals (table 1). Sixty-nine percent of the ore, 
93 percent of the Cu, 7 4 percent of the Ag, and 73 percent of 
the Au were produced from this district. The United Verde 
Mine, the third largest massive sulfide deposit in North 
America (DeWitt and Waegli, 1989; Lindberg, 1989) pro
duced almost 90 percent of the ore from the district. Copper 
grade for the district (4.91 percent) is higher than the overall 
average primarily because of the extremely rich copper ore 
of the United Verde Extension Mine, which averaged 10 per
cent Cu. The Verde district also could have led all districts 
in zinc production (Mcilroy and others, 1974), but the 
zinc-rich part of the United Verde deposit has not been 
mined (Anderson and Creasey, 1958; DeWitt and Waegli, 
1989). 

The Zonia district produced the second largest amount 
of ore, but much of this was by open-pit mining and heap 
leaching of low-grade copper during the 1970's. Because 
most other deposits were not mined by open-pit operations 
(some ore from the United Verde being an exception), raw 
production totals from the Zonia district cannot be reason
ably compared to those of other districts. The low Ag/ Au 
value ( 12) for the Zonia district is also biased because, dur
ing open-pit operations, data for gold and silver were not 



Table 1. Production data for metallic mineral districts and massive sulfide deposits, Arizona. .j:::.. 

[Data from Arizona Geological Survey, unpub. data, 1992; Cu, copper; Pb, lead; Zn, zinc; Ag, silver; Au, gold; t, short tons; lb, pounds; oz. troy ounces; oz/t, troy ounces per short ton; --, no record of production for that element; O.OOx 
grade of element is less than 0.00999; O.OOOx, grade of element is less than 0.000999; copper, silver, and gold amounts and grades accurately reflect metal concentrations and ratios in the massive sulfide deposits because these metals 
normally were produced throughout mining of the deposit; lead and zinc amounts and grades, in most instances, do not accurately reflect concentrations and ratios in the deposits because lead and zinc seldom were produced throughout 

the lifetime of the deposit. See text for ratios that are closer to actual] 

District Ore (t) Cu (lb) Pb (lb) Zn (lb) Ag (oz) Au (oz) Cu (%) Pb (%) Zn (%) Ag (oz/t) Au (oz/t) Ag/Au 

Production data by district 

Agua Fria 181,301 11,738,165 3,319 16,480 47,353 894 3.24 O.OOx O.OOx 0.261 0.005 53 
Big Bug 6,321,997 14,379,240 232,532,742 614,960,375 16,808,553 473,885 0.11 1.84 4.86 2.659 0.075 35 tTl 
Hualapai 161,990 7,246,895 896,995 11,370,100 97,657 659 2.24 0.28 3.51 0.603 0.004 148 > 
Kay 2,555 295,973 13,349 - 2,735 149 5.19 0.26 - 1.070 0.058 18 ~ 

t""' Mayer 1,401,870 83,675,564 - - 1,624,804 65,064 2.98 - - 1.159 0.046 25 -< 
New River 29,873 1,267,428 - - 12,682 197 2.12 - - 0.425 0.007 64 '"C 
Old Dick 1,683,702 106,791,361 3,035,113 305,056,606 651,325 3,550 3.17 0.09 9.06 0.387 0.002 183 :::0 
Verde 37,996,107 3, 733,706,691 693,222 94,994,869 55,952,061 1,514,457 4.91 O.OOx 0.13 1.473 0.040 37 0 

~ 
Zonia 7,519,678 30,317,238 801 - 4,019 340 0.20 o.oox - o.ooox O.OOOx 12 tTl 

~ 

Grand total (state average) .. 55,299,073 3,989,418,555 237,175,541 1,026,398,430 75,201,189 2,059,195 (3.61) (0.21) (0.93) (1.360) (0.037) (37) 
0 
N 

Production data by mine or deposit 
0 -(J 

Agua Fria District: s= 
Barbara 38 6,422 -- -- 12 1 8.45 - - 0.316 0.026 12 > 
Bigbug 1,352 145,469 -- - 475 84 5.38 - - 0.351 0.062 6 en 

en 
Binghampton 157,427 9,760,696 -- - 40,265 157 3.10 - - 0.256 O.OOOx 256 -< Burlington 122 7,228 -- - -- 1 2.96 - - -- 0.008 - tTl 
Copper Dome 113 2,600 -- - 1 - 1.15 - - 0.009 - - en 
Copper Queen 1,413 281,048 -- 7,180 2,236 137 9.95 - 0.25 1.582 0.097 16 e 

t""' 
John Henry 100 13,033 -- - 42 2 6.52 -- - 0.420 0.020 21 ::!l 
Little Egypt 25 664 -- - 10 11 1.33 - - 0.400 0.440 0 0 
Minor 437 50,852 -- -- 239 17 5.82 - - 0.547 0.039 14 tTl 

Pocahontas 30 159 1,019 -- 78 4 0.27 1.70 -- 2.600 0.133 20 0 
tTl 

Stoddard 19,597 1,406,365 2,300 9,300 3,877 458 3.59 O.OOx 0.02 0.198 0.023 8 '"C 
Yallar Kid 647 63,629 -- - 118 22 4.92 - - 0.182 0.034 5 0 

en 
~ 

Total (district average) .... 181,301 11,738,165 3,319 16,480 47,353 894 (3.24) (O.OOx) (O.OOx) (0.261) (0.005) (53) en 

Big Bug District: z 
Boggs 582 17,920 - -- 2,047 233 1.54 - - 3.517 0.400 9 > 
Butternut 806 103,373 - - 4,149 136 6.41 - - 5.148 0.169 31 ~ 
Hackberry 20,108 644,704 509,839 1,117,045 71,617 2,306 1.60 1.27 2.78 3.562 0.115 31 0 
Huron 609 18,300 - -- 589 45 1.50 - - 0.967 0.074 13 z 
Iron King 6,298,235 13,482,716 232,022,815 613,843,330 16,726,396 470,892 0.11 1.84 4.87 2.656 0.075 36 > 
Lone Pine 1,235 99,341 88 - 3,358 186 4.02 O.OOx - 2.719 0.151 18 
Swindler 271 7,151 -- - 201 40 1.32 - - 0.742 0.148 5 
Upshot 151 5,735 -- - 196 47 1.90 - - 1.298 0.311 4 

Total (district average) .... 6,321,997 14,379,240 232,532,742 614,960,375 16,808,553 473,885 (0.11) (1.84) (4.86) (2.659) (0.075) (35) 

Hualapai District: 
Antler 100,346 4,326,724 789,539 6,803,390 68,452 551 2.16 0.39 3.39 0.682 0.005 124 
Copper World 61,644 2,920,171 107,456 4,566,710 29,205 108 2.37 0.09 3.70 0.474 0.002 270 

Total (di~trict average) .... 161,990 7,246,895 896,995 11,370,100 97,657 659 (2.24) (0.28) (3.51) (0.603) (0.004) (148) 



District Ore (t) Cu (lb) Pb (lb) Zn (lb) Ag (oz) Au (oz) Cu (%) Pb (%) Zn (%) Ag (oz/t) Au (oz/t) Ag/Au 

Kay District: 
Great Republic 39 2,370 - - 8 - 3.04 - - 0.205 
Kay 2,516 293,603 13,349 - 2,727 149 5.83 0.27 - 1.084 0.059 18 

Total (district average) .... 2,555 295,973 13,349 - 2,735 149 (5.79) (0.26) - (1.070) (0.058) (18) 

Mayer District: 
Bluebell 1,144,603 69,779,084 -- - 1,373,538 54,145 3.05 - - 1.200 0.047 25 
Desoto 257,267 13,896,480 -- - 251,266 10,919 2.70 - - 0.977 0.042 23 

Total (district average) .•.. 1,401,870 83,675,564 - - 1,624,804 65,064 (2.98) - - (1.159) (0.046) (25) 

New River District: 
Orizaba 29,873 1,267,428 - - 12,682 197 2.12 - - 0.425 0.007 64 

Total (district average) .... 29,873 1,267,428 - - 12,682 197 (2.12) - - (0.425) (0.007) (64) 

Old Dick District: 
Bruce 821,608 53,984,189 1,192,409 148,537,521 291,874 2,113 3.29 0.07 9.04 0.355 0.003 138 
Copper King 44,915 582,755 1,098,599 14,532,588 88,222 191 0.65 1.22 16.18 1.964 0.004 462 0 
Copper Queen 146,245 11,804,349 68,148 25,082,700 55,866 232 4.04 0.02 8.58 0.382 0.002 241 < 

tT1 
Old Dick 667,432 40,037,569 673,490 116,749,868 211,822 952 3.00 0.05 8.75 0.317 0.001 223 :;;r::l 
Pinafore 3,304 357,081 2,092 143,129 3,404 47 5.40 0.03 2.17 1.030 0.014 72 > r 
Red Cloud 198 25,418 375 10,800 137 15 6.42 0.09 2.73 0.692 0.076 9 r 

ti 
Total (district average) .... 1,683,702 106,791,361 3,035,113 305,056,606 651,325 3,550 (3.17) (0.09) (9.06) (0.387) (0.002) (183) Ci) 

...-3 
Verde District: :;;r::l 

Alice 244 12,100 - - 23 - 2.48 -- -- 0.094 -- - n 
Anchor 140 11,700 -- - 178 6 4.18 - -- 1.271 0.043 30 ...-3 

Cleopatra 2,496 342,451 3,484 15 6.86 1.396 0.006 232 
en - - - - c::: 

Cliff 332 29,400 - - 184 - 4.43 - - 0.554 - - ~ 
Copper Chief 400,174 3,112,816 234,122 - 1,089,027 51,923 0.39 0.03 - 2.721 0.130 21 ~ 
Florentia 26,890 1,679,547 -- - 239 7 3.12 - - 0.009 0.000 34 > 
Galveston 214 1,329 - - 875 94 0.31 - - 4.089 0.439 9 :;;r::l 

>-<: 
Green Monster 1,377 2,275 -- - 3,756 102 0.08 - - 2.728 0.074 37 
Jerome Verde 10,050 1,562,991 - - 21,530 887 7.78 - - 2.142 0.088 24 
United Verde 33,558,235 2,928,302,600 459,100 94,994,869 48,177,160 1,302,786 4.36 O.OOx 0.14 1.436 0.039 37 
United V. Ext. 3,902,905 794,254,484 - - 6,635,499 158,589 10.18 - -- 1.700 0.041 42 
Verde Central 93,050 4,394,998 - - 20,106 48 2.36 - - 0.216 O.OOOx 419 

Total (district average) .... 37,996,107 3,733,706,691 693,222 94,994,869 55,952,061 1,514,457 (4.91) (O.OOx) (0.13) (1.473) (0.040) (37) 

Zonia District: 
Navey 26 3,109 - - 61 5 5.98 - - 2.346 0.192 12 
Victory Copper 100 5,059 - - 8 - 2.53 - - 0.080 
Zonia 7,519,552 30,309,070 801 - 3,950 335 0.20 O.OOx -- O.OOOx O.OOOx 12 

Total (district average) .... 7,519,678 30,317,238 801 - 4,019 340 (0.20) (O.OOx) - (O.QOOx) (O.OOOx) (12) 

Vl 
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recorded. Therefore, for massive sulfide districts mined by 
underground methods, the lowest Ag/ Au value ( 18) for the 
Kay district should be considered more representative than 
the figure for the Zonia district. 

The Big Bug district, and principally the Iron King 
Mine, produced the third largest amount of ore but the most 
lead (98 percent of the total) and zinc (60 percent of total). 
The district is unusual because of its low copper grade (0.11 
percent), high lead (almost an order of magnitude higher 
than any other district), and high precious metals (gold and 
silver grades are a factor of 2 higher than most other 
districts). 

The Old Dick district produced the fourth largest 
amount of ore, but had the highest zinc grade (9.06 percent). 
The zinc-rich nature of deposits in the district is real and not 
an artifact of production during World War II, the Korean 
War, and the 1970's. The district has the second lowest sil
ver grade and the lowest gold grade, except for the Zonia dis
trict, as noted above. As a result, the Ag/ Au of 183 is the 
highest of any district in the state and is markedly different 
from all districts in the Prescott-Jerome area. The pre
cious-metal-poor nature of the Old Dick district and Huala
pai district is discussed in the following section on tectonic 
setting of deposits. 

Mines in the Mayer district produced the third largest 
amounts of copper, silver, and gold, and had the second low
est Ag/ Au value (25). Deposits in the district were zinc-poor 
and had undetermined, though minor, amounts of lead. 

The remaining districts (Agua Fria, Hualapai, Kay, and 
New River) produced minor amounts of ore but had some 
distinctive metal ratios. Agua Fria, dominated by production 
from the Binghampton Mine, had anomalously low silver 
and gold grades (0.261 oz/ton and 0.005 oz/ton, respec
tively) for a district in the Prescott-Jerome area. Hualapai 
had the second lowest gold grade and the second lowest 
Ag/Au (148). Kay, although producing only a few thousand 
tons of ore, had the lowest Ag/Au, 18 (Zonia excluded). 
New River's low gold and silver grades are partially a 
function of missing production data. 

Compared to other massive sulfide deposits of Archean, 
Early Proterozoic, and Phanerozoic age, averages and ranges 
of base- and precious-metal concentrations in Arizona 
deposits are comparable to Archean deposits in Canada 
(Hutchinson, 1973; Sangster, 1980; Franklin and others, 
1981 ), Paleozoic deposits in the Appalachian region of the 
United States and Canada (Sangster, 1984), Paleozoic 
deposits in eastern Australia (Large and others, 1989), Ter
tiary deposits in Japan (Ishihara, 1974; Ohmoto and Skinner, 
1983), and Recent deposits on various mid-ocean ridges 
(Bischoff and others, 1983; Koski and others, 1984, 1985; 
Hannington and others, 1986; and Hannington and Scott, 
1989b). 

SUMMARY OF MINES BY DISTRICT 

Many mines lack sufficient production data to draw 
reliable interpretations concerning metal concentrations In 
this category are mines that either produced less than 
about 20,000 tons of ore, had production data for fewer 
than 5 years, or had highly variable grades from one year 
to the next. Data for those deposits are summarized in 
table 1, but detailed discussions of those deposits' geologic 
setting and metal ratios are not attempted, except to clarify 
features of the production data that are not obvious from 
inspection of the cumulative totals. Most mines that pro
duced more than 20,000 tons of ore and reliable data are 
discussed in some detail, district by district. 

AGUA FRIA DISTRICT 

Located in the Prescott-Jerome area (fig. 1), the Agua 
Fria district (fig. 2) contains massive sulfide deposits that are 
largely restricted to metarhyolite flows and tuffs (Lindgren, 
1926; Evensen, 1969, 1980; Anderson and Blacet, 1972b,c) 
Anderson and Guilbert, 1979; DeWitt, 1983, 1987; Ander
son, 1986a; 1989a). The district is unusual for its low gold 
and silver grade. Although the silver grade is lower by a fac
tor of 5 than in surrounding districts, the gold grade is lower 
by an order of magnitude (table 1). 

At the Binghampton Mine (Lindgren, 1926; Higgins, 
1986), ore is localized within a large metarhyolite-dacite 
unit. Chalcopyrite-tetrahedrite is the predominant ore 
assemblage. As the largest producer in the district (table 1), 
the deposit is the principal factor causing the low grades of 
precious metals over the lifetime of the mine, Ag/ Au is rather 
constant (table 1, fig. 3), which indicates that the low grades 
of precious metals are not an artifact of poor data. Also, the 
positive correlation of copper and silver indicates that, in 
general, the production data are not flawed for the Bing
hampton Mine. The positive correlation of copper and silver 
is probably due to the presence of tetrahedrite. Apparently, 
the Agua Fria district, characterized by the Binghampton 
deposit, is a precious-metal-poor region within the otherwise 
average to precious-metal-rich Prescott-Jerome area. 

The Stoddard Mine (Lindgren, 1926), the second larg
est producer in the district, is localized within a large metar
hyolite unit. The deposit shows a modest correlation of gold 
with silver and a good correlation of copper with silver (fig. 
4). Silver grade at the Stoddard is as low as the Binghamp
ton, but gold grade is notably higher (0.023 compared to 
0.001 oz/ton). However, this higher grade may be an artifact 
of more enriched, oxidized ore in a smaller deposit (table 1). 
Although lead and zinc grades appear low for the Stoddard, 
when lead and zinc were produced, their grades were 0.7-5.0 
percent for lead and 3-30 percent for zinc. 

The Copper Queen Mine (Lindgren, 1926; Brook, 
1974; Higgins, 1986; Hurlbut and others, 1986), the third 
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largest producer in the district and located adjacent to the 
Binghampton Mine (fig. 2), appears from table 1 to be much 
richer in precious metals than is the Binghampton. Ore at the 
Copper Queen is localized in the same metarhyolite-dacite 
unit and contains the same minerals. Data for the Copper 

R.l E. R. 2E. 

SCALE 1: 100 000 

0 2MILES 

Figure 2. Location map of mines in the Agua Fria district. Base 
from U.S. Geological Survey, Bradshaw Mountains 1:100,000, 
1981. Mine names in italics are massive sulfide deposits for which 
production data are not available. Mines having questionable loca·
tions are shown with a query (?). 

Queen are highly influenced by approximated data for 1901; 
without that data the deposit averaged -0.6 oz/ton Ag and 
-0.06 oz/ton Au, values that are more similar to the Bing
hampton. When zinc was produced at the Copper Queen, it 
averaged 3.8 percent. 

Unusual deposits for the district include the Pocahontas 
(Lindgren, 1926; Evensen, 1969), with 1.7 percent Pb and 
only 0.27 percent Cu, and 0.13 oz/ton Au. The Stoddard pro
duced a minor amount of lead-rich ore, so the high lead con
centration for the Pocahontas, especially considering the 
minor amount of ore produced, may not be highly signifi
cant. Metal ratios in the Pocahontas are similar to those in 
the Iron King and Hackberry Mines, in the Big Bug district. 

BIG BUG DISTRICT 

The Big Bug district is northwest of the Agua Fria dis
trict (figs. 1 and 5) and is characterized by massive sulfide 
deposits spatially associated with one metarhyolite tuff that 
is overlain and underlain by metabasalt (Lindgren, 1926; 
Creasey, 1950, 1952; Gilmour and Still, 1968; Anderson and 
Blacet, 1972b; Bouley and Hodder, 1976; Webb, 1979; 
Anderson and Guilbert, 1979; DeWitt, 1983, 1987; Ander
son, 1986a, 1989a; O'Hara, 1986; O'Hara and Armstrong, 
1986). The district has the lowest copper grade and the high
est lead, silver, and gold grades of any district (table 1). 

Although production from the district is highly biased by the 
Iron King Mine (table 1), which accounted for 99 percent of 
the ore, 94 percent of the copper, and 99 percent of the pre
cious metals, all the small deposits (fig. 5) have silver grades 
of 1-4 oz/ton and gold grades of 0.1-0.4 oz/ton. Likewise, 
except for the Butternut and Lone Pine, all copper grades for 
small mines are less than 2 percent. Therefore the district as 
a whole is poor in copper and rich in lead, silver, and gold. 
Zinc, when produced, was average compared to most dis
tricts. Cambrian lead- and gold-rich massive sulfide depos
its in western Tasmania bear a striking resemblance to those 
in the Big Bug district (Large and others, 1989). 

The copper-poor and lead-, silver-, and gold-rich 
deposit at the Iron King Mine is localized along altered 
metarhyolite units within a metabasaltic to andesitic flow 
sequence (Lindgren, 1926; Mills, 1941, 1944, 1946, 1947; 
Hendricks, 1947; Creasey, 1950, 1952; Kumke and Mills, 
1950; Anderson and Creasey, 1958; Mitchell, 1964; Gilmour 
and Still, 1968; Lawrence and Dixon, 1986). Two ore hori
zons are present, a lower copper- and zinc-rich zone, and a 
higher copper-poor zone (Lindberg, 1989). Ore minerals are 
sphalerite, galena, pyrite, tennantite, arsenopyrite, and chal
copyrite. Production data for the nine reveal moderate cor
relation of copper with gold (fig. 6) and copper with silver 
(fig. 7), but a much better correlation of lead with gold (fig. 
6), especially for gold grades less than 0.1 oz/ton. Data points 
that lie to the lower right of the major positive correlation of 
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0.025 .,-----------------------------.10 Figure 3. Plot of silver vs. gold and 
copper in the Binghampton Mine, 
1916-47. Symbols that plot on the 
x-axis indicate no data for gold, not 
values of zero. 
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gold and lead-those having high precious-metal concentra
tions and low lead concentrations--come from pre-1940 pro
duction (fig. 8) in which oxidized(?), anomalously gold- and 
silver-rich ore having unusually low base-metal concentra
tions was mined. Elimination of those points from figures 6 
and 7 strengthens the positive correlation of precious metals, 
especially gold with lead (fig. 8). Variations in Ag/Au are 
caused more by shifts in gold grade than shifts in silver grade 
(fig. 9), which remained essentially constant from 1940 to 
1970 (fig. 10). Creasey (1952) and Gilmour and Still (1968) 
suggested that silver is present in tennantite, but metallurgi
cal tests have not proven that association. Both authors state 
that gold appears to be associated with pyrite, galena, and 
sphalerite. However, the production data (fig. 6) show that 
much gold is spatially associated with galena. Neither pre
cious metal correlates well with zinc but, importantly, high 
zinc grades do not indicate low precious-metal 
concentrations (figs. 6 and 8). 

0.8 

The Hackberry Mine (Lindgren, 1926), the second larg
est producer in the district, is also rich in lead, silver, and 
gold (table 1). The deposit is localized at the contact of 
metarhyolite and metabasalt and is probably at the same 
stratigraphic position as the Iron King Mine to the north. 
Correlation of this metarhyolite horizon, which hosts most of 
the massive sulfide deposits in the Big Bug district (Ander
son and Blacet, 1972a,b) is strengthened by the similarity of 
metal ratios in mines along the horizon. Pyrite-chalcopy
rite-galena-sphalerite-tetrahedrite is the ore assemblage. 
Ag/ Au for most of the lifetime of the mine has been rather 
constant (fig. 11 ). Silver correlates very well with lead, but 
less well with zinc (fig. 11), and probably indicates that pre
cious metals are mostly associated with galena. Lead and 
zinc, when produced, averaged 2.37 percent and 5.25 
percent, respectively for the deposit. 

Smaller mines in the district have several noteworthy 
features. Totals for the Butternut are highly influenced by 
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R.1 W. R. 1 E. 
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Figure 5. Location map of mines in the Big Bug district. Base 
from U.S. Geological Survey, Bradshaw Mountains and Prescott 
1:100,000, 1981. Mine names in italics are massive sulfide 
deposits for which production data are not available. 

data for 1903, which account for half the total ore produced 
and much of the very high grade material. Data for the Lone 
Pine include high-grade lead and silver ore for 1924, which 
may not be entirely representative of most ore in the miner
alized system. The Boggs Mine (Hurlbut, 1986) is one of the 
highest grade deposits for precious metals in the area. The 
Huron and Swindler (or Victor-Swindler) prospects 
(O'Hara, 1987a; O'Hara and Long, 1991) are characterized 
by extensive alumino-silicate assemblages and development 
of quartz-epidote in the footwall of the massive sulfide 
deposits. Their somewhat unusual alteration assemblages 
may indicate slightly different physico-chemical conditions 
of formation compared to surrounding deposits. 

The Bell Ranch prospect (Swan and others, 198 L; 
Swan, 1987; O'Hara, 1987b), located southeast of the Lone 
Pine Mine, has produced no ore, but is similar in most 

regards to other mines in the Big Bug district. Gold- and 
silver-bearing pyrite, chalcopyrite, and arsenopyrite are 
present in and adjacent to metarhyolite. Very little massive 
sulfide ore is known. The Bell Ranch prospect may be a 
gold-rich end member of the precious-metal-rich deposits in 
the Big Bug district. 

In summary, for the Big Bug district, the highest pre
cious-metal grades are in deposits having the highest lead 
concentrations. The district as a whole is very lead-rich and 
has the highest silver and gold grades in the state. The 
Ag/ Au of 35, which is the same as the state average, indi
cates that the district is preferentially enriched in both pre
cious metals, and suggests that gold and silver are spatially 
associated with galena in the deposits. 

HUALAPAI DISTRICT 

The Hualapai district (Anderson and Guilbert, 1979; 
More, 1980; Stensrud and More, 1980; Loghry and Hein
richs, 1980; DeWitt, 1983, Conway and others, 1990), in the 
central Hualapai Mountains of northwestern Arizona (figs. 1 
and 12), is unusual compared to districts in the Prescott-Jer
ome area because of its high Ag/ Au ( 148) and its low 
precious-metal concentrations, especially gold (table 1), 
which are among the lowest in the state. Massive sulfide 
deposits at the Antler Mine are localized in thin metavolca
nic units that are overlain and underlain by pelitic, metased
imentary rocks and at the Copper World Mine are within the 
pelitic rocks. Therefore, the tectonic setting of the deposits 
is fundamentally different from those in the Prescott-Jerome 
area, which are entirely within thick metavolcanic 
sequences. 

The Antler Mine is localized in felsic gneiss and 
amphibolite that is interbedded with pelitic metasedimentary 
rocks (Romslo, 1948; More, 1980; Stensrud and More, 1980; 
Conway and others, 1990). Ore minerals include iron-rich 
sphalerite, chalcopyrite, galena, pyrrhotite, and pyrite. Pro
duction data from the mine, the largest producer in the dis
trict, reveal that the deposit has a relatively constant Ag/ Au 
and that silver (and consequently gold) correlates best with 
copper and less well with lead (fig. 13). Zinc does not cor
relate well with precious metals, but high zinc grades do not 
mean depressed gold or silver grades. Assay data (Romslo, 
1948) show that silver correlates best with lead and less well 
with combined lead and zinc. Silver correlates poorly with 
copper. Data for 1948 suggest that an unusual ore type was 
mined from the deposit in that year. When produced, lead 
and zinc averaged 0.40 percent and 3.45 percent, respec
tively. The existence of both pyrrhotite and iron-rich 
sphalerite at the Antler is noteworthy. Whether or not pyr
rhotite is primary or the result of contact metamorphism 
cannot be determined from present data. 

The Copper World Mine is hosted by pelitic to psam
mitic metasedimentary rocks (More, 1980; Stensrud and 
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Figure 6. Plot of gold vs. copper, lead, 
and zinc in the Iron King Mine, 
1903-69. Symbols that plot on the 
x-axis indicate no data for copper or 
zinc. 

Figure 7. Plot of silver vs. copper, 
lead, and zinc in the Iron King Mine, 
1903-69. Symbols that plot on the 
x-axis indicate no data for lead or zinc. 

Figure 8. Plot of year of production 
vs. gold, lead, and zinc in the Iron King 
Mine, 1936-69. Symbols that plot on 
the x -axis indicate no data for zinc. 
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Figure 9. Plot of year of production 
vs. Ag/Au, silver, and gold in the Iron 
King Mine, 1936-69. 

Figure 10. Plot of year of production 
vs. ore, silver, and gold in the Iron King 
Mine, 1936-69. 

Figure 11. Plot of silver vs. gold, lead, 
and zinc in the Hackberry Mine, 
1905-56. Symbols that plot on the 
x -axis indicate no data for gold, lead, or 
zinc . 
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Figure 12. Location map of mines in the Hualapai district. Base 
from U.S. Geological Survey, Bagdad 1:100,000, 1979. 

More, 1980). Ore minerals include sphalerite, chalcopyrite, 
galena, pyrite, and pyrrhotite. The deposit has relatively 
constant Ag/ Au, but precious metals do not correlate very 
well with any base metal (fig. 14). Because lead and zinc 
were recovered for most years for which production data are 
available, the grades in table 1 accurately reflect metal con
centrations of the deposit. Only the Binghampton Mine in 
the Agua Fria district and the Old Dick Mine in the Old Dick 
district have gold grades lower than in the Copper World 
Mine. 

KAY DISTRICT 

The Kay district, located south of the Agua Fria district 
(figs. 1 and 16), is characterized by small massive sulfide 
deposits in a large complex of metarhyolite tuff and minor 
meta-andesite (Willis, 1920b; Lindgren, 1926; Jerome, 
1956; Anderson and Guilbert, 1979; Winn, 1982; DeWitt, 
1983, 1987; Anderson, 1989a). The district has the lowest 
Ag/Au (18, Zonia excepted), and the second highest gold 
grade in the state. Because the district produced only 2,500 
tons of ore (table 1), these figures may not be representative 
of metal ratios for all deposits in the district. 

Data from only the Kay Mine (Willis, 1920a, 1924; 
Anonymous, 1919, 1924, 1925, 1926; Southwest Mining 
News Service, 1925; Lindgren, 1926; Jerome, 1956) can be 
reliably interpreted. The deposit is localized near the contact 

of metarhyolite and metabasalt. Ore minerals are pyrite, 
chalcopyrite, galena, minor tetrahedrite-tennantite, and arse
nopyrite. Ag/ Au during the life of the mine was constant 
(fig. 15). Gold and silver correlate moderately well with 
copper. Lead, when produced, averaged 2.2 percent. Gold 
may be spatially associated more with galena than with tet
rahedrite-tennantite, as at the Iron King Mine, but data for 
lead are too sparse to be sure. 

MAYER DISTRICT 

Located southwest of the Agua Fria district, the Mayer 
district (figs. 1, 17) contains massive sulfide deposits in and 
at the contacts of metarhyolite flows with metabasalt and 
meta-andesite (Lindgren, 1926; Tenney, 1935; Blacet, 1968, 
1985; Anderson and Blacet, 1972a,b; DeWitt, 1976, 1978, 
1979, 1987; Anderson and Guilbert, 1979; O'Hara, 1980; 
Vrba, 1980; Argenbright and Karlstrom, 1986; Anderson, 
1989a). The district has average to very slightly low copper 
and silver grades and an average to slightly high gold grade 
(table 1). Two mines, the Bluebell and DeSoto (table 1), pro
duced all the ore from the district and have very similar metal 
concentrations. Neither produced lead or zinc, and both 
contain only minor galena or sphalerite (Lindgren, 1926). 

The Bluebell Mine was the fifth largest massive sulfide 
deposit in the state in terms of tons of ore produced. The 
deposit is localized in and at the contact of underlying 
metabasalt and overlying metarhyolite (Lindgren, 1926; 
DeWitt, 1976, 1979). Both pyrite-rich and pyrite-poor ore is 
present. Ore minerals are pyrite, chalcopyrite, minor arse
nopyrite, sphalerite, and minor galena. Gold correlates well 
with silver (fig. 18), resulting in a constant Ag/Au of about 
25 over much of the life of the mine. High gold and silver 
grades after 1920 are a result of mining small quantities of 
enriched ore (fig. 18). The prominent peak for 1905 data is 
a result of estimating pre-1905 production. Silver and gold 
correlate well with copper (fig. 19). 

The DeSoto Mine (Lindgren, 1926; Blacet, 1968; 
DeWitt, 1976, 1979; Vrba, 1980) produced only one-fourth 
as much ore as the Bluebell, but shared most of its character
istics. Massive sulfide and stringer ore are at the contact of 
underlying metabasalt and overlying metarhyolite. Ore 
minerals are the same as at the Bluebell Mine. Gold 
correlates highly with silver (fig. 20). Ag/ Au is constant 
over the lifetime of the mine. Silver (and hence, gold) cor
relates moderately well with copper (fig. 21). A 1904 esti
mate accounts for half the ore produced at the DeSoto, but 
that estimate agrees with metal ratios for succeeding years. 

NEW RIVER DISTRICT 

The New River district, southeast of the southernmost 
part of the Kay district (figs. 1, 22), contains only one mine, 
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Figure 13. Plot of year of production 
vs. silver, copper, and lead in the Antler 
Mine, 1943-61. 

Figure 14. Plot of year of production 
vs. gold, copper, zinc, and lead in the 
Copper World Mine, 1944-54. Symbols 
that plot on the x-axis indicate no data 
for lead or gold. 

Figure 15. Plot of gold vs. copper and 
silver in the Kay Mine, 1910-66. Sym
bols that plot on the y-axis indicate no 
data for copper or silver. 
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Figure 16. Location map of mines in the Kay district. Base from 
U.S. Geological Survey, Bradshaw Mountains 1:100,000, 1981. 
Mine names in italics are massive sulfide deposits for which pro
duction data are not available. A, northern part; B, southern part. 
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Figure 17. Location map of mines in the Mayer district. Base from 
U.S. Geological Survey, Bradshaw Mountains 1:100,000, 1981. 

the Orizaba, localized in meta-andesite and metabasalt 
(Anderson and Guilbert, 1979; DeWitt, 1983, 1987; May
nard, 1986). Pyrite-chalcopyrite-minor sphalerite is the ore 
assemblage. On first inspection of table 1, the Orizaba 
appears to have an anomalously low gold grade (0.007 
oz/ton). However, production records for gold from the 
mine are incomplete; when gold was reported, the Ag/ Au 
was 24, not 64 as summarized in table 1, and gold averaged 
0.01-0.02 oz/ton. This gold grade is slightly lower than in 
the Kay district to the west, but is in better agreement with 
districts farther north that contain similar massive sulfide 
deposits hosted in thick metavolcanic sequences. The mini
mal data for the Orizaba indicate that silver correlates mod
erately with gold and that both precious metals correlate 
moderately with copper (fig. 23). No data for lead or zinc are 
available. 

OLD DICK DISTRICT 

The Old Dick district, at Bagdad (figs. 1 and 24), is 
unusual because it has the highest average zinc grade (9 .06 
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percent), the lowest gold grade (0.002 oz/ton), the highest 
Ag/Au (183), and the second lowest silver grade (0.387 
oz/ton) (table 1). Averages for individual deposits were even 
more extreme: 16 percent Zn, 0.001 oz/ton Au, Ag/Au of 
462, and 0.355 oz/ton Ag (table 1). These unusual metal 
ratios are dissimilar to those for mines and districts in the 
Prescott-Jerome area but are like those in the Hualapai dis
trict. The metavolcanic belt at Bagdad is relatively thin in 
comparison to those in the Prescott-Jerome area and is later
ally not as extensive (Anderson and others, 1955; Baker and 
Clayton, 1968; Clayton, 1978; Anderson and Guilbert, 1979; 
DeWitt, 1983, 1987; Larson, 1984; Conway, 1986; Conway 
and others, 1986a; Connelly and Conway, 1987; Robison, 
1987; Robison and others, 1986; Robison and Conway, 
1987). The belt appears to have been deposited in an exten
sional basin on or near the edge of "Mojave type" continental 
crust (DeWitt, unpub. mapping, 1990; Wooden and DeWitt, 

2 

• 

• 

2.5 

• 
• 

3 

1991). All these factors may aid in explaining unusual metal 
ratios for the district. 

The Bruce and Old Dick Mines are the deep and surface 
expressions, respectively, of a composite orebody (Ander
son, 1950; Anderson and others, 1955; Anonymous, 1962; 
Mauger and others, 1965; Baker and Clayton, 1968; Clayton 
and Baker, 1973; Mauger, 1973; Clayton, 1978; Larson, 
1976, 1977, 1984, 1987; Douglas, 1982; Conway and others, 
1986a,b; Connelly and Conway, 1983, 1987; Connelly and 
others, 1986). The deposit is localized at the top of the Bri
dle Formation, a sequence of metabasalt flows, within and at 
the base of the Dick Rhyolite, which is a metarhyolite dome 
and intrusive rock. Ore minerals are pyrite, sphalerite, chal
copyrite, galena, and cobaltian arsenopyrite. Sphalerite is 
both resinous and black (Anderson, 1950). Clean concen
trates of sphalerite contain about 8 percent Fe (Baker and 
Clayton, 1968). Pyrrhotite is a common gangue. Initial 



16 EARLY PROTEROZOIC MASSIVE SULFIDE DEPOSITS IN ARIZONA 

0.1 .--.~--------------------------------------------r3 
Figure 20. Plot of year of production 
vs. gold and silver in the DeSoto Mine, 
1904-72. Symbols that plot on the 
x-axis indicate no data for gold or silver. 
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production from the Old Dick in the early 1940's consisted 
mainly of high-grade lead and zinc ore that averaged 2-4 
percent Pb and 12-17 percent Zn. This ore had a Ag/Au of 
50-150 and silver grades of 0.5 oz/ton (figs. 25, 26). As 
mining progressed, lead and zinc grades decreased (fig. 25), 
and gold grades decreased more dramatically than silver 
grades, resulting in an increase in the Ag/Au from about 150 
in the early 1950's to 250 at the close of mining operations. 
The Old Dick Mine has the dubious distinction of having the 
lowest gold grade (0.001 oz/ton) of any massive sulfide 
deposit in Arizona (table 1). From 1947 through 1966, gold 
correlated moderately with copper (figs. 25 and 26); copper 
and gold spikes in 1952 and 1954 may indicate dramatically 
different ore types being produced. Silver correlates highly 
with zinc and moderately with lead (fig. 25). All metal 
grades decreased as mining came to an end in 1966. 

As the last of the Old Dick orebody was depleted, the 
deeper Bruce orebody was mined (Anonymous, 1973; 

2.5 3 

Clayton, 1978). Ore minerals in the deposit are similar to 
those of the Old Dick with the exception of notable pyrrho
tite and minor tennantite. During mining of the Bruce 
deposit, gold grades increased by a factor of 4, silver by a 
factor of 2, zinc by 50 percent, and copper by 20 percent 
compared to production from the Old Dick deposit. Data for 
lead are too incomplete for a meaningful analysis. A dra
matic four-fold difference in gold grades between the two 
orebodies is noted. Silver in the Bruce Mine correlates well 
with both copper and zinc (fig. 27). Gold concentrations and 
elements that correlate with gold differ greatly from the 
Bruce to the Old Dick. These differences are probably 
caused by the copper- and zinc-rich zones in the body noted 
by Clayton ( 1978) and suggest zoning of gold within the 
deposit. 

The Copper King Mine is localized in meta-tuffs within 
metabasaltic flows and is near the contact of an intrusive part 
of the overlying Dick Rhyolite (Anderson, 1950; Anderson 
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Figure 22. Location map of mines in the New River district. 
Base from U.S. Geological Survey, Bradshaw Mountains 
1:100,000, 1981, and Phoenix North 1:100,000, 1988. 

and others, 1955; Conway and others, 1986b). Ore minerals 
are resinous sphalerite, chalcopyrite, pyrite, and galena. The 
deposit is inappropriately named, as it has the lowest copper 
grade in 'the district (0.65 percent), and in the state is second 
only to the Iron King Mine (0.11 percent Cu). Of deposits 
producing more than 20,000 tons, the Copper King has the 
third highest lead grade (1.22 percent) and the highest zinc 
grade (16.18 percent). For a deposit in the Old Dick district, 
the mine has very high silver grades. The Copper King's 
Ag/ Au ( 462) is the highest of any deposit in the state. All 
these characteristics except the high Ag/ Au make the metal 
ratios of the Copper King very similar to those of the Iron 
King Mine. 

The high lead and silver grades and the very high zinc 
grades are partly a function of hand sorting of small amounts 
of ore throughout the lifetime of the Copper King Mine. 
Nearly pure sphalerite concentrates containing galena were 
the ore type for 1915-20 and 1925-27 (fig. 28). From 1944 
through 1952 the ore consisted of more than 50 percent 
sphalerite and greater than 10 percent galena (fig. 29). For 
both periods, silver correlates highly with lead and less well 
with zinc. As lead grade increased, Ag/ Au also increased 
(fig. 30), a correlation that suggests that some gold is in sites 

independent from those that contain silver and lead. In the 
richest lead ore, Ag/Au exceeded 700 (fig. 30). If benefici
ation at the Copper King had not been by hand concentration 
and zinc had averaged only 7 percent (the average zinc grade 
for the district), precious-metal concentrations would have 
been closer to the average for the Old Dick district. Even so, 
the deposit was rich in lead and silver and poor in copper. 
An unusual ore type must have been produced in 1942 and 
1943, when copper and gold grades increased dramatically 
and lead and zinc decreased equally dramatically (figs. 29 
and 30). This ore is similar to the copper- and gold-rich ore 
noted for the Old Dick Mine. 

The Copper Queen Mine (Baker and Clayton, 1968; 
Conway and others, 1986b) is located on the opposite side 
(east) of the Dick Rhyolite from the Bruce and Old Dick 
Mines and is interpreted to be localized near the upper con
tact of the rhyolite with overlying meta-andesite and metaba
salt flows. Lindberg (1989) believed the Copper Queen is at 
the same stratigraphic horizon as the Bruce and Old Dick 
Mines due to isoclinal folding. Minerals in the deposit are 
similar to those in the Bruce and Old Dick Mines and include 
pyrite, sphalerite, chalcopyrite, galena, and minor arsenopy
rite. Early production consisted of high-grade copper ore 
that had a Ag/ Au of about 40 and gold grades of about 0.02 
oz/ton. Lead and zinc were reported for this period. Major 
production from 1960 to 1966 was from zinc-rich ore that 
had a constant Ag/ Au of about 240 and gold grades of 0.002 
oz/ton (fig. 31). Gold and silver for this period correlate well 
with copper and less well with lead and zinc. 

The Pinafore and Red Cloud Mines have anomalously 
low Ag/Au (72 and 9, respectively), but both produced very 
little ore, much of which was probably oxidized and prefer
entially enriched in gold. When lead and zinc were pro
duced, grades were 0.25 percent Pb and 4.5 percent Zn for 
the Pinafore and 0.1 percent Pb and 3.0 percent Zn for the 
Red Cloud. 

VERDE DISTRICT 

The Verde district (fig. 32), produced by far the most 
ore and metals of any massive sulfide district in Arizona 
(table 1). Production was dominated by the 33.5 million tons 
of ore from the United Verde Mine. The United Verde 
Extension produced 39 million tons; no other deposit 
accounted for more than 400,000 tons of ore (table 1). The 
small deposits in the region are similar in most respects to the 
larger ones, but significant differences exist that are 
discussed below. 

The largest mined volcanogenic massive sulfide 
deposit in the United States, the United Verde Mine at Jer
ome is one of the best studied deposits in Arizona if not in 
the entire United States (Reber, 1922, 1938; Lindgren, 1926; 
Anderson and Creasey, 1958, 1967; Anderson and Nash, 
1972; Lindberg and Jacobson, 1974; DeWitt and Waegli, 
1986, 1989; Lindberg, 1986a,c, 1989; Vance, 1987; Vance 
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and Condie, 1987; Gustin, 1988a, 1990; also, specific items 
of interest are in Graton, 1908; Provot, 1916; Finlay, 
1918a,b; Rice, 1920; Smith and Sirdevan, 1921; Mills, 1925, 
1934; Alenius, 1930, 1968; Barker, 1930; Hansen, 1930; 
Keefe, 1930; Lindgren, 1930; Ralston, 1930a,b; Ralston and 
Hunter, 1930; Slavin, 1930; Tenney, 1935; Pullen, 1943; 
Yeats, 1946; Storms, 1955; Kothavala, 1963; Nash, 1973; 
Stacey and others, 1976; Norman, 1977; DeWitt, 1983; 
Vance and Condie, 1985, 1986; Armstrong and Handverger, 
1986; Gustin, 1986, 1987, 1988b; Lesher and others, 1986; 
Lindberg, 1986d; O'Hara and Armstrong, 1986; Eastoe and 
others, 1987; Lindberg and Gustin, 1987; Lindholm, 1989, 
1991 ). The deposit is localized at the top of the lower part of 
the Cleopatra Member of the Deception Rhyolite, a very 
thick metarhyolite complex. Ore minerals are pyrite, chal
copyrite, sphalerite, galena, arsenopyrite, and minor tennan
tite. Base and precious metals in the deposit are zoned, from 
(1) a precious-metal-poor stringer zone at the base that con
tains only copper, through (2) overlying lenses of massive 
sulfide ore containing average copper, high zinc, and aver
age precious metal concentrations, to (3) siliceous massive 
sulfide lenses containing average to high copper and zinc 
concentrations and average to high precious-metal concen
trations, to (4) the capping chert and siliceous massive sul
fide ore that contains lower copper and zinc concentrations, 
but the highest concentrations of precious metals (De Witt 
and Waegli, 1989). This zonation is typical for those 
deposits in Arizona having well developed chlorite alteration 
pipes, stringer ore, and overlying stratiform lenses of 
massive sulfide ore. 

Figure 24. Location map of mines in the Old Dick district. Base 
from U.S. Geological Survey, Bagdad 1:100,000, 1979, and Alamo 
Lake 1:100,000, 1979. 

During 87 years of production (fig. 33), gold grade con
sistently declined and Ag/ Au increased. Most of the increas
ing Ag/ Au through time is due to silver grades decreasing 
less than gold grades during that time (DeWitt and Waegli, 
1989, fig. D2). Major mining terminated in 1953 (fig. 34); 
lower-than-average gold grades and higher-than-average 
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Figure 25. Plot of year of production 
vs. silver, copper, zinc, and lead in the 
Old Dick Mine, 1947-66. Symbols that 
plot on the x-axis indicate no data for 
lead. 

Figure 26. Plot of year of production 
vs. Ag/Au and gold in the Old Dick 
Mine, 1947-66. 

Figure 27. Plot of year of production 
vs. silver, gold, copper, zinc, and lead in 
the Bruce Mine, 1968-77. Symbols that 
plot on the x-axis indicate no data for 
lead. 
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Figure 28. Plot of year of production 
vs. copper, lead, silver, and zinc in the 
Copper King Mine, 1917-27. Symbols 
that plot on the x-axis indicate no data 
for copper. 

Figure 29. Plot of year of production 
vs. copper, lead, silver, and zinc in the 
Copper King Mine, 1942-52. Symbols 
that plot on the x-axis indicate no data 
for lead. 

Figure 30. Plot of year of production 
vs. lead, zinc, and Ag/ Au in the Copper 
King Mine, 1942-52. Symbols that plot 
on the x -axis indicate no data for lead . 
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0.5 -,------------------------------.-15 Figure 31. Plot of year of production 
vs. silver, gold, copper, zinc, and lead in 
the Copper Queen Mine, 1960-66. 16 years production 

i04 .......... • m mmmml1960-19661••• 

~ 5:]~ 
g 0.3 --j-----------------------------------------"'"·-----------;' --·-o:-~----- ------0-'----

12 

--e. __ 
>< -- o· 

~ 
EJ·······························································································································~······ 

~ ~/Cu 
I0.2 

~ 
00 

< 0.1 mm••••••••• m~~mmmm••••• X :, m~ -:~~~~m~m· 3 

0 T------,--------~----------~--------~---------+0 

1958 1960 1962 1964 1966 1968 
Year 

R. 2E. R. 2 ~ E. R. 3 E. 

SCALE 1: 100 000 

0 2MILES 

Figure 32. Location map of mines in the Verde district. Base 
from U.S. Geological Survey, Prescott 1:100,000, 1981. Mine 
names in italics are massive sulfide deposits for which production 
data are not available. Mines having questionable location are 
shown with a query (?). 

Ag/Au after 1953 are partially accounted for by leaching of 
high-grade copper ore during that period (fig. 34 ). Part of the 
peak in Ag/Au from about 1918 through 1924 (fig. 33) can 
be attributed to mining of low-grade gold ore during open-pit 
production (fig. 34 ). Some additional lowering of gold grade 
resulted from preferential mining of low-grade stringer ore 
both in the open pit and underground (P.A. Lindberg, written 
commun., 1993) compared to earlier and later time periods 
(fig. 33). 

The United Verde was a copper-rich deposit (4.36 per
cent Cu) and had copper grades higher than other districts 
(all except the Kay district are less than 3.3 percent Cu; table 
1). Silver and gold grades for the deposit are similar to the 
average for other districts (except Agua Fria) in the Pres
cott-Jerome area, but substantially higher than in the Old 
Dick and Hualapai districts. When recovered, zinc averaged 
1-4 percent (fig. 35). However, much of the massive sulfide 
ore in the mine averaged 5-10 percent Zn, but this zinc-rich 
ore was not mined (Mcilroy and others, 1974; DeWitt and 
Waegli, 1989, table 12). Data for lead grades are minimal; 
when produced, lead averaged 0.02 percent. Undoubtedly, 
the lead grade of much of the ore was higher. 

Gold and silver grades are as high or higher in zinc-rich 
ore as in copper-rich ore at the United Verde (fig. 35). 
DeWitt and Waegli (1989, table 13) determined that the best 
statistical correlation of gold with base metals was with com
bined copper and zinc from siliceous massive sulfide ore 
(correlation coefficient of 0.61 for 14 samples) and com
bined massive sulfide and siliceous massive sulfide ore (cor
relation coefficient of 0.57 for 106 samples). No lead 
analyses were available to test the correlation of precious 
metals with lead. 

The United Verde Extension Mine, which had the high
est copper grade of any deposit in the state (10.2 percent Cu, 
table 1 ), also produced the second largest amount of copper 
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Figure 33. Plot of year of production 
vs. Ag/Au and gold in the United Verde 
Mine, 1884-1975. Symbols that plot on 
the x-axis indicate no data for Ag/Au. 

Figure 34. Plot of year of production 
vs. ore and copper in the United Verde 
Mine, 1884-1975. 

Figure 35. Plot of year of production 
vs. copper, zinc, silver, and gold in the 
United Verde Mine, 1940-53. Symbols 
that plot on the x-axis indicate no data 
for zinc. 
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and the third largest amounts of silver and gold (Rickard, 
1918; Mitke, 1919; Lindgren, 1926; D' Arcy, 1930; 
Schwartz, 1937, 1938; Anderson and Creasey, 1958; Hand
verger, 1975; White, 1986a,b; Lindberg, 1989). The deposit 
is localized in metarhyolite thought to be equivalent to the 
lower part of the Cleopatra Member of the Deception Rhyo
lite. Ore minerals are chalcocite, tennantite, cuprite, and 
minor pyrite. Although the deposit was originally thought to 
be the downfaulted top of the United Verde deposit, recent 
workers consider the United Verde Extension to be a sepa
rate deposit (White, 1986a; Lindberg and Jacobsen, 1974; 
Lindberg, 1986a,c, 1989). Base- and precious-metal con
centrations in the deposit are consistent with either 
interpretation. 

Gold and silver grades in the United Verde Extension 
reveal that in its early history the deposit had anomalously 
high silver grades and low gold grades (fig. 36). The peak in 
silver grades correlates, in part, with exceptionally 
high-grade copper ore, exceeding 10 percent Cu (fig. 37). 
Silver was preferentially enriched in this chalcocite-rich 
material (Anderson and Creasey, 1958; White, 1986a). The 
peak in both silver and gold grades from 1936 through 1940 
coincides with mining of the "gold stope," a chert-rich ore 
horizon at or slightly above the massive sulfide ore (Ander
son and Creasey, 1958; White, 1986a,b; Lindberg, written 
comm., 1990). 

Data for other mines in the Verde district exhibit some 
peculiar features. The anomalously high Ag/Au of 232 for 
the Cleopatra Mine and 419 for the Verde Central Mine 
(Willis, 1922; Benedict, 1923; Fearing and Benedict, 1925; 
Lindgren, 1926; Dickson, 1931; Reber, 1938; Anderson and 
Creasey, 1958) (table 1) are unusual. The Cleopatra ore is 
contained within the Cleopatra Member of the Deception 
Rhyolite, not at its top as is the United Verde ore. Semi-mas
sive to massive sulfide ore of the Verde Central is beneath 
the Cleopatra Member (Lindberg, written comm., 1990). 
Ore minerals are only pyrite and chalcopyrite. In both cases, 
the high Ag/ Au is a reflection of anomalously low gold 
grades recorded for fewer than three years of production 
data. These data could be wrong or incomplete or the depos
its may be similar to other precious-metal-poor deposits in 
the Agua Fria district, especially the Binghampton and 
Copper Queen mines. 

The Copper Chief (also known as "Iron King-Equa
tor") Mine is localized at the top of a thin metarhyolite flow 
that overlies metabasalt flows (Lindgren, 1926; Reber, 1938; 
Anderson and Creasey, 1958; Rogers, 1979; Johnson, 
1986a,b; Lindberg, 1986b ). Ore minerals are pyrite, chal
copyrite, galena, and minor sphalerite. The deposit has 
metal ratios similar to those at the Iron King and Hackberry 
mines, in the Big Bug district, and the Copper King Mine, in 
the Old Dick district. A low copper grade (0.39 percent aver
age), moderate to high lead grade when produced (0.04-0.7 
percent), and a high gold grade (0.13 oz/ton average; range 
from 0.3 to 0.7 oz/ton) for the Copper Chief are similar to 

metal ratios and concentrations of the Big Bug district (table 
1). Both silver and gold correlate negatively with copper 
(fig. 38), a relationship that suggests that both precious met
als are probably associated with galena or are not preferen
tially associated with any sulfide minerals. Care must be 
exercised in the interpretation of data from the Copper Chief, 
because much precious-metal-rich gossan ore was mined in 
preference to massive sulfide ore (Lindberg, written comrn., 
1990). Even considering this complication, lead and 
gold-rich, copper-poor massive sulfide deposits, although 
the norm in the Big Bug district, are present in other districts 
as well. 

Production attributed to the Florentia Mine (also 
spelled "Florencia") during its lifetime includes metals pro
duced by leaching high-grade copper ore from the United 
Verde Extension dumps. This mining practice may account 
for the apparently anomalously low silver and gold grades 
(0.009 oz/ton Ag and 0.0008 oz/ton Au) associated with Flo
rentia ore. Data for the Green Monster and Galveston Mines 
possibly should be combined, because ore may have come 
from the same deposit. Metal ratios for the Galveston are 
highly skewed by 1936 data, having a Ag/ Au of 500. 

ZONIA DISTRICT 

As mentioned in the overall district summary, data for 
the Zonia district, located southwest of Prescott (figs. 1, 39), 
are difficult to compare to data from other districts because 
open-pit mining of relatively low grade ore took place at the 
Zonia Mine during the 1960's and 1970's (Lundin, 1986). 
Because the Zonia Mine accounts for 99 percent of the ton
nage from the district (table 10), pre-1960 data must be used 
to compare the Zonia district to other districts whose 
production was entirely from underground mines. 

The Zonia deposit is localized within metarhyolite tuff, 
but very little massive sulfide ore is present (Anonymous, 
1943; Kumke, 1947; DeWitt, 1983, 1987). Ore minerals are 
malachite, chrysocolla, minor galena, and minor cuprite. 
Pre-1960 production from the Zonia Mine consisted of cop
per-rich ore (2-10 percent) having unusually low silver 
grades (most less than 0.4 oz/ton) and moderate to slightly 
high gold grades (0.1-0.15 oz/ton). Silver and gold correlate 
well with each other for this period (fig. 40), but the resulting 
Ag/ Au of 1-2 is anomalously low compared to the average 
for the state of 36. Lead, when produced, was between 0.03 
and 0.20 percent. A block of about 400,000 tons of ore 
defined by diamond drilling and trenching (Kumke, 194 7) 
averaged about 1.0-1.15 percent Cu, 0.2 oz/ton Ag, and 
0.015 oz/ton Au. A much larger block of ore, perhaps an 
order of magnitude larger, averaged about 0.5 percent Cu. 
The Ag/Au of this larger block of ore was 13. These metal 
ratios are similar to those for some of the small deposits in 
the Agua Fria district, especially the Bigbug (also spelled 
"Big Bug"), Stoddard, and Yallar Kid Mines (table 1). 
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Figure 36. Plot of year of production 
vs. silver and gold in the United Verde 
Extension Mine, 1915-45. Symbols that 
plot on the x-axis indicate no data for 
silver or gold. 

Figure 37. Plot of year of production 
vs. ore, copper, and silver in the United 
Verde Extension Mine, 1915-40. 

Figure 38. Plot of copper vs. silver 
and gold in the Copper Chief Mine, 
1901-48. Symbols that plot on the 
y-axis indicate no data for copper. 
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Figure 39. Location map of mines in the Zonia district. Base from 
U.S. Geological Survey, Bradshaw Mountains 1:100,000, 1981. 

Production data for the Zonia Mine from 1966 through 
1974 are not particularly illuminating (fig. 41), because gold 
and silver were not recovered from the heap-leaching opera
tions. Copper grade shows a reasonable correlation with ton
nage mined, but copper concentrates having grades in excess 
of 80 percent Cu for 1971 and later years are obviously 
related to lifetime of the cyanide cycle for copper recovery 
and shutdown of the mine, not to mineralogic features. Sig
nificant amounts of precious metals could have been recov
ered from this oxidized ore, as suggested by metallurgical 
tests ·(Kumke, 194 7). 

METAL ZONATION PATTERNS AND 
PROVINCES 

Base- and precious-metal concentrations in most Early 
Proterozoic massive sulfide deposits in Arizona are compa
rable to those in Archean massive sulfide deposits in Canada 
(Sangster, 1980; Franklin and others, 1981), in Cambrian 
deposits in Tasmania (Large and others, 1989), and inTer
tiary massive sulfide deposits in Japan (Ishihara, 1974; 
Ohmoto and Skinner, 1983). Modem-day deposits along the 
mid-ocean-ridge systems have similar, but variable, base
and precious-metal concentrations (Hannington and Scott, 

1989b). Although most deposits in Arizona cluster near the 
average of 3.6 percent Cu, 2-6 percent Zn, 1.3 oz/ton Ag, 
and 0.04 oz/ton Au, significant departures exist. Metal con
centrations in the unusual deposits may reflect both 
first -order differences in tectonic setting of these deposits 
and second-order thermochemical conditions under which 
they were formed. 

BASE-METAL CONCENTRATIONS 

Most deposits in Arizona averaged between 2 and 6 
percent Cu (fig. 42). Notably, however, deposits containing 
greater than 20,000 tons of ore in the Big Bug district aver
aged less than 2 percent Cu; the entire district averaged only 
0.11 percent Cu. Of mines producing more than 20,000 tons 
of ore, only the United Verde Extension averaged greater 
than 4.4 percent Cu; its 10.2 percent Cu grade was largely a 
function of extreme supergene enrichment, which Lindberg 
(1986c, 1989) believed may be partly Tertiary in age. Such 
extreme enrichment is not representative of most deposits in 
the State. Importantly, low copper grades are not restricted 
to deposits in the Big Bug district, but are represented in the 
Old Dick district by the Copper King Mine (CK, fig. 42), in 
the Verde district by the Copper Chief (CC, fig. 42), Green 
Monster, and Galveston Mines, and in the Agua Fria district 
by the Pocahontas and Copper Dome Mines. 

Variations in lead and zinc grades are more difficult to 
assess because of the sporadic nature of the production of 
those metals. When produced, zinc averaged 3-10 percent 
in the Agua Fria, Big Bug, Hualapai, Old Dick, and Verde 
districts. No zinc has been produced from the Kay, Mayer, 
New River, or Zonia districts. However, samples of pyritic 
ore from the Kay, Mayer, and New River districts contain 
minor, but visible sphalerite (Lindgren, 1926; Arizona Geo
logical Survey, unpub. file data, 1984; DeWitt, unpub. data, 
1988). Lead, when produced in seven of the nine districts 
(table 1), averaged between 0.02 and 1.8 percent. Notably, 
the Big Bug district had the highest grade (1.84 percent Pb) 
and a very low copper grade. Most of the other copper-poor 
deposits in the Old Dick, Agua Fria, and Verde districts also 
had elevated lead concentrations compared to the deposits 
having average copper grades. 

PRECIOUS-METAL CONCENTRATIONS 

The average gold and silver production grades of all 
deposits in Arizona were 0.037 oz/ton Au and 1.360 
oz/ton Ag (table 1). Gold concentrations ranged from 
less than 0.001 oz/ton to 0.44 oz/ton (figs. 42 and 43); 
deposits producing more than 20,000 tons of ore ranged 
from less than 0.001 oz/ton Au to almost 0.12 oz/ton Au. 
Silver concentrations ranged from 0.009 oz/ton to 5.15 
oz/ton; deposits producing more than 20,000 tons of ore 
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ranged from 0.009 oz/ton Au to 3.56 oz/ton Ag (fig. 43). 
Deposits having the highest overall gold and silver grades 
are concentrated in the Big Bug district (figs. 42 and 43), 
but include copper-poor deposits in the Agua Fria and 
Verde districts that contain elevated concentrations of 
lead, as discussed above. Deposits having anomalously 
low precious-metal grades are restricted, in large part, to 
the Old Dick and Hualapai districts (figs. 42 and 43.) 

The Ag/ Au for all deposits averages 37, but ranges from 
1 to 462 (fig. 43). Deposits in the Old Dick and Hualapai dis
tricts and gold-poor deposits such as the Binghampton Mine, 
in the Agua Fria district (B, figs. 42, 43), and the Verde Cen
tral Mine, in the Verde district (VC, figs. 42, 43), have a 
Ag/Au greater than 100. These ratios are probably strongly 
affected by mining of small amounts of ore enriched in gold 
from small deposits that have. a Ag/ Au less than 10. 

1973 1975 

FACTORS CONTROLLING ORE 
DEPOSITION 

Anomalously low copper grades (less than 1 percent 
Cu) and anomalously high lead grades (greater than 1 per
cent Pb) characterize the Big Bug district (figs. 42, 44) and 
set it apart from all other massive sulfide districts in Arizona. 
Importantly, deposits having the same characteristics as 
those in the Big Bug district (low copper, high lead) are also 
present in the Old Dick, Verde, and Agua Fria districts. 
Metavolcanic strata that host deposits in the Big Bug district 
are no different chemically (Anderson, 1989b; De Witt, 
unpub. data, 1989) or by virtue of their age (Anderson and 
others, 1971; Karlstrom and others, 1987) or tectonic setting 
(Anderson, 1989b) from those in other districts in the 
Prescott-Jerome area. Therefore, processes responsible for 
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the low copper and high lead grades must be related to local, 
not regional, conditions of ore deposition. 

Very low silver and gold grades and a high Ag/ Au char
acterize the westernmost two districts, Hualapai and Old 
Dick (figs. 43, 44). Deposits in these districts are hosted by 
thin metavolcanic sequences that are interbedded with (Hua
lapai) and overlain by (Old Dick) extensive metapelitic strata 
(Anderson and others, 1955; More, 1980; Stensrud and 
More, 1980; Wooden and DeWitt, 1991). These metavolca
nic sequences may be 20 m.y. or more younger than those in 
the Prescott-Jerome area (Chamberlain and Bowring, 1990) 
and were probably formed in arcs or back-arcs immediately 
adjacent to or overlying Mojave-type continental crust 
(Wooden and DeWitt, 1991). Processes that caused the low 
gold and silver grades are probably controlled by major 
regional, not local, differences in the crust underlying 
western Arizona. 

The Agua Fria district has abnormally low concentra
tions of precious metals, but has a Ag/ Au similar to other dis
tricts in the Prescott-Jerome area. Deposits in this district 
that have low concentrations of precious metals are hosted 
within thick metarhyolite sequences (Anderson and Blacet, 
1972b; Brook, 1974; O'Hara, 1986; Anderson, 1986b; 
DeWitt, 1987), not at the tops of such sequences, as are most 
deposits in the Prescott-Jerome area. The processes 
responsible for this precious-metal depletion are probably 
controlled by unique factors related to the depositional envi
ronment of massive sulfide deposits in the Agua Fria district. 

CRUSTAL CONTROLS OF METALLOGENESIS 

The existence of Mojave-type continental crust in the 
subsurface in western Arizona beneath the Hualapai and Old 
Dick districts at the time of volcanism and formation of the 
massive sulfide deposits (Wooden and DeWitt, 1991) is 
believed to be the first-order phenomenon that controlled the 
precious-metal-poor nature of deposits in these districts. 
Compared to central and southeastern Arizona, Early Prot
erozoic supracrustal rocks of the Mojave Desert region con
tain very few base- or precious-metal deposits that are of 
Early Proterozoic age (Fife and Brown, 1980; De Witt, 
1987). Therefore, Mojave-type continental crust in the sub
surface of western Arizona may be impoverished in base and 
precious metals compared to Early Proterozoic volcanic 
strata characteristic of central Arizona. Because both 
metavolcanic strata and some of the younger pre- and 
post-tectonic plutons in western Arizona appear to have been 
derived, in large part, from partial melting of Mojave-type 
continental crust (Wooden and DeWitt, 1991), those rocks 
and their associated massive sulfide deposits carry the char
acteristic signature of a high Ag/ Au and low precious-metal 
concentrations. 

This precious-metal-poor nature of the Early Protero
zoic Mojave-type crust in the Mojave Desert region and 

western Arizona should not be confused with the gold-rich 
nature and the low Ag/Au characteristic of -1,730-Ma and 
younger Proterozoic, and all Phanerozoic, vein deposits 
noted by Titley (1985, 1987, 1989) for his domain II, which 
corresponds to central and western Arizona. The southeast
em boundary ofTitley's (1987, 1989) domain II (high gold, 
low Ag/Au) is largely coincident with the southeastern 
boundary of 1,690- to 1,740-Ma pre-, syn-, and post-tectonic 
plutons (DeWitt, unpub. data, 1988; Anderson, 1989a) that 
increase in abundance to the northwest in Arizona and into 
the Mojave Desert, where they constitute 98 percent or more 
of the Early Proterozoic outcrops (DeWitt and others, 1984; 
DeWitt, 1987; Miller and Wooden, 1988; Wooden and oth
ers, 1988; Wooden and Miller, 1990). Titley's (1987, 1989) 
domain I is virtually lacking in these rocks and, instead, is 
characterized by the monotonous pelite and psammite rock 
types of the Pinal Schist. The model suggested by this paper, 
and outlined by the data of Titley, is that the gold-rich nature 
and the low Ag/ Au characteristic of domain II in central and 
western Arizona is a consequence of emplacement of enor
mous amounts of plutonic material from 1,690 to 1,740 Ma 
and recycling of precious metals from the plutonic material 
(and, to a lesser extent the pre-existing basement) throughout 
subsequent geologic time. 

The depositional environment during formation of mas
sive sulfide deposits is slightly different in the westernmost 
two districts as compared to all districts in central Arizona. 
In both the Hualapai and Old Dick districts, massive sulfide 
deposits are localized in relatively thin, laterally restricted 
volcanic piles that interfinger with or are overlain by pelitic 
metasedimentary rocks. This sediment-dominated tectonic 
environment rimy have had a second-order control on the 
concentration of precious metals in the deposits, but is not 
believed to be as significant as the first-order control dis
cussed above. Also, most sediment-hosted massive sulfide 
deposits (Beshi-type deposits) do not, on average, have 
lower gold and silver concentrations than volcanogenic mas
sive sulfide deposits (Franklin and others, 1981). Some 
Beshi-type deposits, such as Geco and Ducktown, do have 
lower concentrations of gold and silver (R.W. Hutchinson, 
written commun., 1993). Deposits having anomalously high 
gold and silver concentrations compared to the average for 
their districts are present in the Old Dick district; their 
significance is discussed next. 

THERMOCHEMICAL CONTROLS OF 
METALLOGENESIS 

Why does the Big Bug district contain much higher 
concentrations of gold, silver, and lead than other districts in 
the Prescott-Jerome area? Distal versus proximal volcanic 
setting of the deposits in the district has been suggested as a 
possible control of metallogenesis (Bouley and Hodder, 
1976, 1977; Lindberg, 1989), but was rejected by Anderson 
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( 1977) and is not favored by this author. Deposits suggested 
by Bouley and Hodder (1976) to be distal because of their 
metal ratios are, in fact, within thick accumulation of basaltic 
to rhyolitic flows. Therefore, the deposits were not formed 
in distal volcanic settings. Deposits, however, may have 
been distal or proximal with regard to localized feeder zones 
and hydrothermal centers. Thermochemical controls of ore 
deposition (Eldridge and others, 1983; Huston and Large, 
1989; Large and others, 1989), and specifically, temperature 
and sulfur fugacity of hydrothermal solutions responsible for 
ore deposition (Hannington and Scott, 1989a) may have 
been the principal factor for the differences in metal concen
trations and ratios. From their study of Archean through 
modem volcanogenic massive sulfide deposits from various 
submarine tectonic environments, Hannington and Scott 
( 1989a) presented both theoretical and empirical evidence 
for precious-metal enrichment in low-temperature ( <300°C), 
sulfur-rich deposits characterized by lack of pyrrhotite and 
low iron content of coexisting sphalerite. 

Much of the data from Arizona deposits supports this 
model. Pyrrhotite is lacking at the Iron King Mine in the Big 
Bug district. An analysis of brown sphalerite, which 
accounts for more than 90 percent of the sphalerite in the 

deposit, contained 3.2 percent Fe, which amounts to 5.5 
mole percent FeS (Anderson and Creasey, 1958, p. 167). 
Iron concentrations of sphalerite that are this low are associ
ated with gold grades of about 2-5 ppm for selected Archean 
massive sulfide deposits in eastern Canada (Hannington and 
Scott, 1989a, table 1). Analytical data are lacking for the 
temperature of deposition of ore minerals in the Big Bug dis
trict, but the above observations suggest that the gold-, sil
ver-, and possibly lead-rich nature of the ore in this district is 
a function of low temperature ( <300°C and possibly as low 
as 250°C) deposition of gold- and silver-rich brines in a sul
fur-rich, proximal volcanic setting. By comparison, pyrrho
tite is a typical ore mineral at the Antler Mine, in the 
Hualapai district, and the Old Dick Mine in the Old Dick dis
trict. Sphalerite is rich in iron in both deposits, and gold 
grades at the two deposits are among the lowest in the State. 

Therefore, the model that is favored to explain those 
deposits that were previously interpreted to have formed in a 
distal volcanic setting is one that has low-temperature hydro
thermal fluids depositing gold-, silver-, and possibly 
lead-rich minerals in a proximal volcanic setting. The pres
ence of Big Bug-like deposits in the Old Dick, Verde, and 
Agua Fria districts (figs. 42 and 43) is further evidence that 
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distal volcanic setting is not the cause of these apparently 
anomalous metal ratios and concentrations. The Copper 
King deposit, in the Old Dick district, is within metabasalt 
flows of the Bridle Formation and is as proximal as other 
massive sulfide deposits in the district (Anderson and others, 
1955; Conway and others, 1986b), but it is rich in gold, sil
ver, and lead compared to surrounding deposits. The Copper 
Chief, Green Monster, and Galveston deposits in the Verde 
district (fig. 32), are localized at the upper contact of thick 
metabasalt sequences that have minor metarhyolite compo
nents, but have anomalously low copper, gold, and silver 
concentrations. Similarly, the Pocahontas and Copper Dome 
deposits, in the Agua Fria district, are in settings that are as 
proximal as other massive sulfide deposits in the district, but 
have the characteristic metal ratios of the Big Bug district. 
Individual deposits within the proximal volcanic terrane, 
however, may have been distal to local vents. 

Remaining to be explained are the anomalously 
precious-metal-poor deposits of the Agua Fria and Verde 
districts (figs. 42 and 43) that have otherwise normal 
base-metal concentrations. The Verde Central and Cleopatra 
deposits in the Verde district and the Binghampton deposit in 
the Agua Fria district are hosted within thick metarhyolite 
units, not at the contacts of metarhyolite with more mafic 
rocks. As one possibility, deposits of this type may be 
related to high-temperature (>350°C) hydrothermal fluids 
that were not capable of transporting and depositing precious 
metals in elevated concentrations. Such deposits may have 
been short-lived hydrothermal systems developed within 
actively erupting rhyolitic complexes (Lindberg, 1986c; 
DeWitt, 1987; O'Hara, 1987b). 
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SELECTED SERIES OF U.S. GEOLOGICAL SURVEY PUBLICATIONS 

Periodicals 

Earthquakes & Volcanoes (issued bimonthly). 
Preliminary Determination of Epicenters (issued monthly). 

Technical Books and Reports 

Professional Papers are mainly comprehensive scientific reports 
of wide and lasting interest and importance to professional scientists and 
engineers. Included are reports on the results of resource studies and of 
topographic, hydrologic, and geologic investigations. They also include 
collections of related papers addressing different aspects of a single sci
entific topic. 

Bulletins contain significant data and interpretations that are of 
lastin~ scientific interest but are generally more limited in scope or geo
graphic coverage than Professional Papers. They include the results of 
resource studies and of geologic and topographic investigations; as well 
as collections of short papers related to a specific topic. 

. W~ter-Su~ply Papers are comprehensive reports that present sig-
mficant mterpretlve results of hydrologic investigations of wide interest 
to professional geologists, hydrologists, and engineers. The series covers 
investigations in all phases of hydrology, including hydrology, availabil
ity of water, quality of water, and use of water. 

Circulars present administrative information or important scientif
ic information of wide popular interest in a format designed for distribu
tion at no cost to the public. Information is usually of short-term interest. 

Water-Resources Investigations Reports are papers of an inter
pretive nature made available to the public outside the formal USGS 
publications series. Copies are reproduced on request unlike formal 
USGS publications, and they are also available for public inspection at 
depositories indicated in USGS catalogs. 

Open-File Reports include unpublished manuscript reports, maps, 
and other material that are made available for public consultation at de
positories. They are a nonpermanent form of publication that may be cit
ed in other publications as sources of information. 

Maps 

Geologic Quadrangle Maps are multicolor geologic maps on to
pographic bases in 7 112- or 15-minute quadrangle formats (scales main
ly 1:24,000 or 1 :62,500) showing bedrock, surficial, or engineering 
geology. Maps generally include brief texts; some maps include struc
ture and columnar sections only. 

Geophysical Investigations Maps are on topographic or planimet
ric bases at various scales, they show results of surveys using geophysi
cal. techniques, such as gravity, magnetic, seismic, or radioactivity, 
~htch reflect subsurface structures that are of economic or geologic sig
mficance. Many maps include correlations with the geology. 

Miscellaneous Investigations Series Maps are on planimetric or 
topographic bases of regular and irregular areas at various scales; they 
present a wide variety of format and subject matter. The series also in
cludes 7 1/2-minute quadrangle photogeologic maps on planimetric 
bases which show geology as interpreted from aerial photographs. The 
series also includes maps of Mars and the Moon. 

Coal Investigations Maps are geologic maps on topographic or 
planimetric bases at various scales showing bedrock or surficial geology, 
stratigraphy, and structural relations in certain coal-resource areas. 

Oil and Gas Investigations Charts show stratigraphic informa
tion for certain oil and gas fields and other areas having petroleum po
tential. 

Miscellaneous Field Studies Maps are multicolor or black-and
white maps on topographic or planimetric bases on quadrangle or irreg
ular areas at various scales. Pre-1971 maps show bedrock geology in re
lation to specific mining or mineral-deposit problems; post-1971 maps 
are primarily black-and-white maps on various subjects such as environ
mental studies or wilderness mineral investigations. 

Hydrologic Investigations Atlases are multicolored or black-and
white maps on topographic or planimetric bases presenting a wide range 
of geohydrologic data of both regular and irregular areas; the principal 
scale is 1:24,000, and regional studies are at 1:250,000 scale or smaller. 

Catalogs 

Permanent catalogs, as well as some others, giving comprehensive 
listings of U.S. Geological Survey publications are available under the 
conditions indicated below from USGS Map Distribution, Box 25286, 
Building 810, Denver Federal Center, Denver, CO 80225. (See latest 
Price and Availability List.) 

"Publications of the Geological Survey, 1879-1961"may be pur
chased by mail and over the counter in paperback book form and as a set 
microfiche. 

"Publications of the Geological Survey, 1962-1970"may be pur
chased by mail and over the counter in paperback book form and as a set 
of microfiche. . 

"Publications of the U.S. Geological Survey, 1971-1981"may be 
purchased by mail and over the counter in paperback book form (two 
volumes, publications listing and index) and as a set of microfiche. 

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse
quent years since the last permanent catalog may be purchased by mail 
and over the counter in paperback book form. 

State catalogs, "List of U.S. Geological Survey Geologic and Wa
ter-Supply Reports and Maps For (State)," may be purchased by mail and 
over the counter in paperback booklet form only. 

"Price and Availability List of U.S. Geological Survey Publica
tions," issued annually, is available free of charge in paperback booklet 
form only. 

Selected copies of a monthly catalog "New Publications of the 
U.S. Geological Survey" is available free of charge by mail or may be 
obtained over the counter in paperback booklet form only. Those wish
ing a free subscription to the monthly catalog "New Publications of the 
U.S. Geological Survey" should write to the U.S. Geological Survey, 582 
National Center, Reston, VA 22092. 

Note.-Prices of Government publications listed in older catalogs, 
announcements, and publications may be incorrect. Therefore, the prices 
charged may differ from the prices in catalogs, announcements, and pub
lications. 
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