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ABSTRACT

Black, fetid, fine-grained sediments are characteristic of 

reducing environments in which syngenetic metal sulfide precipitation 

may be occurring. Samples of black, reduced sediments were collected 

from marine tidal flat and estuarine areas near Puerto Penasco, Sonora, 

Mexico on the Gulf of California and from the nonmarine lake deposits 

in the Willcox Playa and Rose Canyon Lake of southeastern Arizona.

The sediments were analyzed for copper, lead, zinc, and iron content 

and some samples were further analyzed for organic matter and sulfate.

Studies of the relationships between metal concentrations, 

depositional environments, organic matter and sulfate occurrence, and 

sediment size indicate that some metal sulfide precipitation is 

probably occurring within these sediments with minor concentration 

of the metals by diagenetic redistribution. The present-day metal 

concentrations, however, are low and they are generally equivalent 

to the average metal concentrations expected in shales. There is no 

indication that syngenetic metal sulfide precipitation processes 

in these areas are providing significant metal concentrations on the 

order of metal-enriched black shales and black shale-hosted metal 

sulfide ore deposits.

ix



INTRODUCTION

Purpose

It is known that the direct precipitation of various metals 
can occur in reduced sediments due to reactions between ambient metal 

ions and sulfide present within the sediments. The purpose of this 

study was to investigate metal concentrations in black, fetid, reducing 

sediments in the modern tidal flat and estuary systems of desert 

coastal areas along the northeast Gulf of California. The concentrations 

of iron, copper, lead, and zinc have been determined in relation to 

various sedimentological and chemical conditions, including possible 

sources of metal ions, environments of deposition, and the organic 

carbon and sulfate content of the sediments. Samples of black reduced 

sediments from the Willcox Playa, the modern dry lake bed of Pleistocene 

Lake Cochise, and Rose Canyon Lake, a modern lake, in southeast Arizona 

have been compared with the coastal marine samples. The results of 

these investigations of modern depositional environments were then 

considered in relation to the possible mechanism of formation of base 

metal stratabound and stratiform ore deposits.

Nature of the Problem

The age and origin of mineralization of many stratabound- 

stratiform ore deposits has been the subject of much debate in recent 

years. The host rocks of these deposits are generally black shales and 

mineralization is predominantly characterized by copper, lead, zinc.
1
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and iron sulfides. Controversy has arisen over the origin of the metals 

and the time of formation of the metal sulfides. The classical theory 

is that the sulfide minerals are epigenetic and that the metals were 

derived from hydrothermal solutions moving through the sedimentary host 

rocks. The more modern opposing theory is that the minerals are syn- 

genetic and that they were formed either at the time of original 

deposition or during early diagenesis of the sediments. For the 

purposes of this study, a sedimentary syngenetic metal sulfide deposit 

is defined as one in which the metals were deposited contemporaneously 

with the enclosing sediments, a definition that includes both 

depositional and diagenetic processes (Rickard, 1973).

Syngenetic deposits generally form in closed or restricted 

marine environments characterized by euxinic bottom conditions. The 

precipitation of metal sulfides is sensitive to pH and Eh, the rate of 

sulfide production by anaerobic sulfate-reducing bacteria or other 

means, the concentration of metals in solutions feeding into the system, 

the organic matter concentration, and the clastic and chemical sedi

mentation rates (Garlick, 1965). Reactions between the reduced sulfur 

and metal cations present in solution are proposed as the mechanism of 

concentration of metal sulfides in sediments.

A slightly different model for syngenetic deposits, the sabkha, 

has been proposed by Renfro (1974). A sabkha is a subaerial evapo- 

rite flat bordering a partially landlocked sea. Arid climate and high 

evaporation rate partially account for the common association of 

sabkhas and evaporites. The ground water table is usually at or very 

close to the sediment surface. Mats of blue-green algae are often
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present in the intertidal zone. In this model, a subsurface, downslope 

hydraulic gradient toward the shoreline forms, and both marine and ter

restrial waters are pumped toward the surface due to the high rate of 

evaporation. Reducing conditions in the organic-rich, black, fetid 

ooze below the algal mats produces sulfide which reacts with metals 

introduced by terrestrial ground waters to form metal sulfides.

A major problem with any syngenetic model is that of determining 

a plausible source of the metals in amounts great enough to produce 

economically significant concentrations. As discussed by Rickard (1973) 

and Mercer (1976), sufficient concentration of lead, zinc, and copper 

directly from seawater is unlikely and syngenetic nonferrous metal 

sulfides in modern sediments are uncommon. Submarine hydrothermal 

exhalations are believed to be the most likely source of the metals, 

although other sources have been suggested. It is generally agreed 

that syngenetic metal sulfide ore deposits are unusual occurrences 

and require special coniditons to form.

Metal sulfide deposits of various ages throughout the 

world are considered to be syngenetic. There are many features that 

these deposits have in common which support a syngenetic theory. These 

features include: (1) sedimentary host rocks, usually near-shore and

shallow basin marine facies, (2) conformable bedding in which the lay

ers may be thin, laterally extensive, and mineralogically consistent 

but which commonly contain different sulfide mineral assemblages 

between adjacent layers, (3) lateral and vertical metal zonation from 

shallow-water to deeper-water facies, (4) association of metal sulfides 

with organic matter, (5) lack of intrusive source rocks for metal
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containing hydrothermal solutions and subsequent lack of contact 
metamorphism, (6) lack of channelways for movement of hydrothermal 

solutions through the host rocks, and (7) distribution of ore bodies 

not dependent upon fold or fault structures (Fisher, 1960; Johnson and 

Klinger, 1975; Bowen and Gunatilaka, 1976). Deposits exhibit some 

or all of these features.

One of the most extensive metal sulfide ore deposits is the 

Kupferschiefer, the mineralized marine sandstones and shales of the 

Upper Permian lower Zechstein strata that outcrop throughout northern 

Germany, Poland, and northeast England. As described by Vaughan 

(1976), the Kupferschiefer consists of detrital silicates and carbon

ates and is associated with evaporites. Mineralized units also contain 

bituminous carbon (6 percent) and very fine-grained metal sulfides.

Pyrite is the most abundant sulfide. Galena, sphalerite, and the 

copper sulfides bornite, chalcopyrite, chalcocite, and covellite 

are also present, in order of decreasing abundance. Some of the 

sulfides may be of post-burial origin. Concentrations of metal sulfides, 

particularly copper sulfides, are believed to have formed in areas of 

stagnant bottom conditions. The minerals are commonly zoned both 

vertically and laterally in relation to the paleo-shoreline. Copper 

increases in the near-shore facies and decreases seaward, with a 

simultaneous increase in iron content. In a vertical sequence, zinc 

occurs higher than copper in the transgressive sequence (Mercer, 1976). 

Strakhov (1970) proposed that the metals diffused into fetid, sulfide- 

rich black muds of the Kupferschiefer from the nearby Rote Faille 

red muds that contained average metal concentrations but were too poor
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in organic matter for production of sulfide to precipitate the metals 

as metal sulfides.

A proponent of the epigenetic model is Davidson (1965) who 

argued that the mineralization of the Kupferschiefer was predominantly 

epigenetic. He proposed that although there was some feeble syngenetic 

mineralization during deposition, further mineralization occurred as 

diagenesis of the overlying evaporites provided brines which percolated 

downward through the carbonaceous muds and deposited metals by adsorp

tion onto organic matter in the muds. After this second "wave" of 

mineralization, a third and major period of mineralization occurred in 

which ascendent brines, passing through the shales, carried metals 

derived from the leaching of underlying mineralized rocks. Deposition 

of these metals by replacement of pyrite in the shales led to the form

ation of the Kupferschiefer ore bodies. A major objection to this 

theory, as suggested by Vaughan (1976), is the great lateral extent of 

the deposits and the extensive hydraulics required.

Another well known occurrence is the Zambian Copperbelt of 

southern Africa. In the Mufulira deposit, for example, the minerali

zation occurs in a fine-grained carbonaceous wacke of the Lower Roan, 

the lowest unit of the late Precambrian Katanga Sequence (Bowen and 

Gunatilaka, 1976). The variation in metal content and mineralogy 

across the strata from shallow-water to deeper-water facies is similar 

to that of the Kupferschiefer rocks. The near-shore argillaceous 

rocks adjacent to beach sands and gravels have a higher copper content 

as chalcocite and bornite than the deeper-water facies of dolomites 
and dolomitic shales which grade from chalcopyrite to pyrite.
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Other large Precambrian shale-hosted deposits include the 

McArthur River and Mount Isa deposits of northern Australia and the 

Sullivan deposit of British Columbia. The Permian stratiform copper 

deposits in the San Angelo formation of north Texas have also been 

suggested to have originated from a sabkha-like process by Smith (1974).

In the following chapters, the occurrence of iron, copper, 

lead, and zinc in natural environments will be discussed in relation 

to the theory of syngenetic metal sulfide accumulation. The biologic 

origin of the sulfide, the origin of the metals, and the chemical 

environment in which metal sulfide precipitation is favored are all 

major factors in the syngenetic model. The sabkha model will also be 

discussed in more detail. Finally, the coastal and continental areas 

studied will be considered in relation to the syngenetic model of

metal sulfide accumulation.



METAL SULFIDE FORMATION IN MODERN SEDIMENTS

Metal sulfides are present in many modern sedimentary

environments. The chemical conditions and the reactions which occur 

during metal sulfide precipitation have been investigated by authors. 

The environments of metal sulfide formation are characterized by 

reducing conditions and the presence of hydrogen sulfide.

by-product of the actions of sulfate-reducing bacteria in the sedi

ments. The presence of hydrogen sulfide in modern sediments is one 

indication of reducing conditions and the reduction of sulfate.

Chemical Environment

For sulfate reduction to occur in sediments, the environment 

must be anaerobic and characterized by a negative Eh and near neutral 

pH. Eh, or oxidation-reduction potential, is the measure of the 

electrical potential of a half-cell or half reaction, compared to a 

standard hydrogen half-cell which is assigned an Eh value of zero.

For example, the reaction

Sulfate Reduction

Sulfide utilized in reactions with metal ions is present in

sediments primarily as hydrogen sulfide, HgS. It is produced as a

Fe+2(aq) + H+ (aq) -> Fe+3(aq) + ^H^(g) (1)

can be written as the half-cell reactions

(2)
(3)

7
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Reaction 2 is an oxidation reaction and has a positive Eh. The reverse 

of Reaction 2 is a reduction reaction and has a negative Eh. The Eh of 

Reaction 3 is zero by conventien. pH, a measure of hydrogen ion activ

ity, is obtained from the reaction

HgOCaq) = H+ (aq) + OH (aq) = 10 ^  (4)

pH affects sulfate reduction, but to a lesser extent than Eh (Figure 1). 

pH generally ranges from 6 to 10 in reducing marine environments.

Trudinger (1979) discussed the sulfur cycle in natural systems. 

The cycle proceeds as biological oxidation-reduction reactions trans

form seawater sulfur from one valence state to another (Figure 2). It

is most abundant as sulfate, S+^, elemental sulfur, S°, and sulfides,
—2S , particularly hydrogen sulfide. The reduction of sulfate to

+6 -2sulfide involves the change from S to S . About 90 percent of 

crustal sulfur occurs in deep oceanic and other sedimentary rocks, 

including evaporites. Of the remaining 10 percent, most is present 

as oceanic sulfate.

Biological Activity

The organisms generally responsible for the reduction of 

sulfate to sulfide are the sulfate-reducing bacteria. The production 

of sulfide from the organic matter and the transfer of electrons to 

sulfate results in a net release of free energy which the organisms 

use as energy for growth (Trudinger, 1979).

The most common genera of sulfate-reducing bacteria are 

Desulfovibrio and Desulfotomaculum. They are widely distributed in

waters of euxinic basins and in sediments where restricted circulation
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Figure 1. Area of sulfide production and stability in a reducing 
environment.

(from Baas Becking and Moore, 1961).
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Figure 2. Sulfur cycle in natural systems. 

(from Trudinger, 1979).
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Table 1. Environmental limits of sulfate-reducing bacteria

(from ZoBell, 1959)

FACTOR LIMITS

Eh
pH
pressure
temperature
salinity

+350 to -500 mv 
4.2 to 10.4 
1 to 1,000 atm.
0 to 100°C
1 to 30% NaCl

and depletion of oxygen has led to anaerobic conditions (Table 1). 

These organisms are restricted to mildly acid to alkaline reducing 

marine environments and pore spaces larger than 5 pm. They can 

withstand extreme variations of temperature, pressure, and salinity, 

and are very tolerant of hydrogen sulfide (Trudinger, 1976). Finally, 

they require organic matter, an energy source, and certain elements 

such as Ca, Mg, K, Fe, P, Cl, and N (Saxby, 1976). As mentioned 

by Krouse and McCready (1979), these conditions are usually present 

at or near the sediment-water interface in saline anaerobic environ

ments.

removed from the system, usually by the activities of aerobic micro

organisms and reoxidation of upward-diffusing reduced compounds before 

sulfate-reducing bacteria can survive (Trudinger, 1979). Copper is 

also toxic to reducing bacteria. Temple and LeRoux (1964) have shown

that bacteria protect themselves by the formation of a sulfide zone
+2around the bacterium which will react with any Cu to form a sulfide 

precipitate, thereby preventing the copper from entering the cell. This

Certain elements are toxic to these bacterii xygen must be



process succeeds only as long as the copper concentration does not 

exceed sulfide production.

Trudinger (1979) states that sulfate, because of its abundance, 

is the dominant precursor of reduced sulfur and all sulfate reduction 

is by organic processes. Inorganic processes of sulfate reduction are 

not common in modern sediments. Some hydrogen sulfide is produced by 

biogenic decomposition of organic sulfur compounds, but the amount 

produced is negligible compared to sulfate reduction (Rickard, 1973).

It has been calculated that at low temperatures, sulfate- 

reducing bacteria are capable of producing sufficient sulfide from sea 

water sulfate to form an ore body (Saxby, 1976). Biogenic sulfides of 

Fe, Sb, Bi, Co, Cd, Ni, Pb, Cu, and Zn have all been formed in labora

tory experiments (Krouse and McCready, 1979). The major controlling 

factor is the availability of organic matter as observed in sediments 

where bacterial reduction occurs to considerable depths, but the rate 

decreases sharply below the surface muds due to depletion of the supply 

of organic matter (Trudinger, 1979). In addition to creating condi

tions leading to metal sulfide formation, Krouse and McCready (1979) 

suggest that microorganisms can also decrease the solubility product of 

metal sulfides and increase the threshold of precipitation.

Trudinger (1979) proposed that metal sulfide formation does not 

have to occur at the site of bacterial sulfate reduction and not all of 

the hydrogen sulfide produced remains where it formed in the sediments. 

Some is reoxidized as it migrates through the sediments and some 

escapes as gaseous H^S into the atmosphere. Sulfide remaining in the 

sediment can be trapped as metal sulfides, particularly iron sulfides.

12
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Although sulfide production decreases with depth, the rate of "entrap

ment" increases. In some marine sediments, the amount of reduced sul

fur may be greater than the amount of sulfate originally present due 

to diffusion of sulfate from other areas into the sediment (Krouse and 

McCready, 1979).

Sources of Metals

In addition to the presence of sulfide in sediments, the 

syngenetic precipitation of metal sulfides also requires significant 

concentrations of metal ions. The metals are usually present as ions 

in solution and have been derived either from local sediments or 

transported in solution from more distant sources. The origin of the 

metals is an important factor, in considering significant concentrations 

of syngenetic metal sulfides.

Distribution of Metals in the Earth's Crust

Metals utilized in the formation of metal sulfides must stem 

from crustal sources and processes. Table 2 lists the abundances 

of various elements in both aqueous systems and in rocks. Normal 

processes cannot supply metals in the concentrations needed to form an 

ore body. Love (1965), for example, has discussed copper concentra

tions in streams and has pointed out that high concentrations of copper 

in solution are retained for only a few kilometers from points where 

a stream enriched by mine waters has passed through outcrops of copper- 

rich rocks. Sea water is also undersaturated with respect to the 

amounts of metals needed to account for significant metal concentrations



14

Table 2. Average distribution of Cu, Pb, Zn, and Fe in rocks, seawater 
and streams.

(from Vaughan, 1976).

SOURCE Cu
(ppm)

Pb
(ppm)

Zn
(ppm)

Fe
(wt. %)

Ultramafic 10 1 50 9.43
20 0.1 30 9.85

basalt 87 6 105 8.65
100 8 130 8.56

granite - high Ca 30 15 60 2.96
- low Ca 10 19 39 1.42

clay and shale 57 20 60 3.33

shale 45 20 95 4.72

sandstone 1 (%) 7 16 0.98

carbonate rocks 4 9 20 0.38

deep sea - carbonates 30 9 35 0.90
- clays 250

(ppb)

80

(ppb)

165

(ppb)

6.50

seawater 0.9 0.03 5 3.40

7 3 20 0.67streams
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by normal sedimentary processes (Saxby, 1976). It is clear that 

an unusual source of metals is required.

Transportation

Metal ions can be transported into a reducing environment 

through various means of which transportation in solution is one of 

the most important. Ions are often present in solution as complexes, 

usually chloride complexes in acid solutions and sulfide and organo- 

metallic complexes in more alkaline solutions. A discussion by 

Vaughan (1976) concerns complexing by copper, lead, and zinc in HgS- 

saturated saline solutions. For example, lead forms a chloride complex, 

PbS'ZHgO, from pH 2.5 to 6.0, and Pb(HS)g at pH 6.0 and above. Some 

workers maintain that very low sulfide ion activities are required for 

zinc and copper chloride transport to occur. The order of stabilities 

of metal chloride complexes is Cu+ ^> Zn+^> Pb+  ̂at 25°C. When the 

metals reach the high sulfide, low Eh, and high pH conditions of a 

'reducing environment, the metals precipitate from solution as stable 

and totally insoluble sulfides.

Ions are also carried in the suspension load of aqueous systems, 

particularly by absorption of metal ions and complexes on clay 

minerals, volcanic ash, and finer particles of organic matter. Not 

only are clay particles abundant in sediments, but large surface 

area increases the potential chemical reactivity of adsorbed ions with 

sulfide (Krouse and McCready, 1979). For example. Love (1967) lists 

the sources of iron in sediments as iron hydroxides adsorbed on clays 

and organic matter and as coatings on clastic grains, heavy mineral



iron oxides such as magnetite, and iron from detrital iron-containing 

silicate grains. Iron hydroxides are believed to be the major source.

Concentration of Metals

An unusual source is required to account for the high metal 

concentrations needed to produce an ore deposit. Four possible proces

ses for concentrating the metals have been proposed by Mercer (1976): 

(1) submarine hydrothermal exhalations of metal-rich solutions and 

brines, (2) leaching of metals from surrounding and underlying rocks, 

(3) erosion of near-by metal-rich rocks in a provenance area, and (4) 

concentration by living organisms. All four processes occur in 

modern environments, but he considers only the first two to be 

significant. Both the reaction of the metals with sulfide present 

and diagenetic enrichment due to remobilization of the metals lead 

to further concentration. Both of these mechanisms are useful in 

explaining the formation of syngenetic metal sulfide deposits.

Metal Sulfide Formation

The introduction of metal ions into a reducing sulfide-rich 

environment and the resulting reactions which occur have been proposed 

as the major mechanism of syngenetic metal sulfide formation. The 

chemical processes which lead to the precipitation of metal sulfides 

have been the subject of many studies.

Chemical Aspects

In reducing environments and at a pH ranging from 6 to 10, 

reactions between metal ions and sulfide generally occur at the 

oxidation-reduction boundary (Eh = 0). This boundary is often

16



associated with the sediment-water interface where Eh may be positive 

at the sediment-water interface but abruptly becomes negative with 

depth. There is a similar tendency for pH to increase with depth.

Metals carried in solution are deposited as metal sulfides 

when introduced into a sulfide-rich environment. As discussed by Love 

(1967), a steep reactivity gradient or "sink" of precipitated metal 

sulfide develops as nearby metal ions are removed from the sediments. 

Metals migrate toward the sink both as ions adsorbed on clays and 

organic matter and as metal complexes. Sulfide produced in the sedi

ments can also diffuse upward; it may be fixed as insoluble metal 

sulfides, oxidized and fixed at the oxidation-reduction boundary, or 

it may escape into the atmosphere or hydrosphere.

Diffusion of ions within the sediment is believed to result in 

separation of the metal sulfides into thin relatively monomineralic 

bands. These bands, formed by diffusion or "Liesegang" processes, are 

very similar to the closely spaced, thin, conformable metal sulfide 

layers in stratiform metal sulfide deposits. Bubela and McDonald 

(1969) have performed laboratory studies of Liesegang processes and 

have shown that diffusion of ions can lead to a distinct vertical zona- 

tion of essentially monomineralic metal sulfide bands, and that 

sulfide precipitation does not have to occur within the zone of micro

bial activity in a sediment.

Reactions which occur between metal ions and sulfide are 

thermodynamically favorable to the precipitation of metal sulfides, 

as shown in Table 3. For a given concentration of H^S in solution, 

there is a minimum concentration of metal ions required before

17



Table 3. Some thermodynamic aspects of metal sulfide formation

MINERAL Ksp (25°C)* REACTION H° (25°C)

CuS 8 x io-37 Cu+2 + H2S CuS + H2 -19.338

PbS 7 x IQ-7* Pb+2 + H2S PbS + H2 — 8.448

ZnS 2.5 x IO-22 Zn+2 + H2S -* ZnS + H2 - 0.124

FeS 4 x IO-3* Fe+2 + H2S FeS + H2 + 4.872

2HFe0o + 3H_S -> 2FeS^ . + S°, 2 2 tet rh + 4H20 -68.524

FeS2 FeS + H2S-> FeS2 + H2 - 4.788

2FeS + 2H2S + ^SO^ -f 2FeS2 + 3H20 + S° -51.056

FeS + H2S + h02-* FeS2 + HgO -61.47-

* values taken from Dickerson, Gray, and Haight (1974)

H
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precipitation of a solid can occur,. Figure 3 illustrates precipitation

curves for the various metal ions at different concentrations of H^S in

a solution with a pH of 7 at 25°C. An HgS-saturated solution requires

approximately 0.1 molar HgS. With increasing pH, the curves retain

the same shape, but the concentrations of metal ions needed is decreased.

Iron, for example, decreases from 4 x 10 ^  molar at a pH of 7 to 
-144 x 10 at a pH of 9 in a solution with an H^S concentration of 

0.1 molar.

The order in which metal sulfides precipitate is determined by 

the solubilities of the sulfides and follows Schurmann's solubility emf 

series of Cu-> Pb~^ Zn*^Fe. The least soluble sulfides, the copper 

sulfides, will precipitate first and are followed by lead, zinc, and 

finally iron sulfides. Garlick (1965) points out that this order of 

precipitation has been theorized to account for metal zonation in 

sulfide deposits such as the Roan Antelope (Figure 4) in which the 

copper sulfides formed in the near-shore facies and the iron sulfides 

in the deeper-water facies.

Trace elements have been studied in an attempt to distinguish 

between syngenetic and epigenetic metal sulfides and to determine form

ation conditions as discussed by Vaughan (1976). For example, the 

Sb/Bi ratio in galena reportedly reflects the temperature and pressure 

of formation but it is also dependent upon the chemistry of the source 

rocks. Vaughan also discusses the Co/Ni ratio in sedimentary and 

hydrothermal pyrite. Sedimentary pyrite is usually richer in both 

elements and the Co/Ni ratio is less than that commonly found in hydro- 

thermal pyrite. Studies have shown, however, that the ratios are not
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Figure 3. Precipitation curves for Cu, Pb, Zn, and Fe sulfides at a 
pH of 7 and 25°C in distilled water.

A. Cu, y = 29
B. Pb, y = 21
C. Fe, y = 11
D. Zn, y = 14
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(from Garlick, 1965).
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always consistent with the origin of the pyrite. Other trace elements 

have also been studied, but local variation in abundances of the 

elements limits the reliability of the conclusions which can be drawn.

Studies of rates of sulfate reduction, organic carbon produc

tion, and experiments on iron and copper sulfide formation in muds have 

been comparable to those calculated to have produced the Kupferschiefer 

and Zambian Copperbelt (Trudinger, 1978) and therefore support the 

syngenetic model. In addition to syngenetic processes, some remobili

zation and alteration of minerals may occur with burial and deforma

tion. For example, fracture filling by sulfide minerals and 

redistribution of the minerals in ore horizons along structural trends 

due to circulation of ground waters is common.

Iron Sulfide Formation

Biogenic concentrations of copper, lead, and zinc sulfides 

are uncommon in modern sediments. Iron sulfide, however, is 

common, and studies show that it occurs in various forms and in 

many different sedimentary environments.

Iron is abundant in sediments. Detrital iron-containing 

minerals can be altered and dissolved after deposition to release iron 

(Vaughan, 1978) which can then diffuse within the sediments. Berner 

(1969) has studied concentration gradients and diffusion of ions into 

and out of organic-rich layers with respect to iron sulfide formation 

and has proposed a model to explain the processes which occur (Figure 

5). Within an organic-rich layer, sulfate-reducing bacteria produce 

sulfide which reacts with available iron to form iron sulfide (FeS).
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If the rate of sulfide production is greater than the rate of diffusion 

of iron into the organic-rich layer and the nearby sediments, sulfide 

will then become concentrated, will diffuse downward, and will react 

with iron in the underlying sediments (Figure 5, A). The opposite 

process can occur if sulfide production is less than the rate of 

diffusion of reactive iron into the organic-rich layer (Figure 5, B).

A range of intermediate conditions may also exist between these two 

extremes and result in Liesegang banding (Figure 5, C). Conditions 

that limit iron sulfide formation are the concentration and reactivity 

of detrital iron minerals and the rate of bacterial sulfide production 

which is in turn dependent upon the concentration of organic matter 

(Vaughan, 1976).

Berner (1967) and Love (1967) have discussed the order of form

ation of iron sulfide minerals. When iron reacts with sulfide, the 

first precipitate to form is a combination of amorphous FeS and poorly 

crystalline mackinawite (tetragonal FeS). Hydrotroilite (FeS'nH^O) is 

the common term used to describe this early-formed black, fine-grained, 

hydrous iron sulfide. Further reactions increase the ratio of sulfur 

to iron and result in the formation of greigite (cubic Fe^S^) and 

finally pyrite (FeS2) which is thermodynamically stable and relatively 

insoluble. Marcasite (FeSg) has not been detected in these studies.

The formation of iron sulfides is therefore the result of diagenetic 

rather than depositional processes and the reactions occur due to the 

disequilibrium between the different phases present in the sediments. 

Blackening of the sediments indicates the formation of hydrotroilite.
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usually at or near the oxidation-reduction boundary. Further reactions 

result in the formation of pyrite and the sediments become gray.

Berner (1967) also discussed the chemical reactions that occur 

during pyrite formation. Pyrite is usually formed by either the 

addition of sulfur or the subtraction of iron from FeS. Subtraction of 

iron follows the general equation

FeS + X-2-* FeS2 + FeX + 2e“ (5)
_3where X = CO^, 00H , et cetera, and would result in the formation of

pyrite and another iron-bearing mineral such as siderite or goethite. 

Reactions of this type occur where there are low sulfide concentrations. 

Addition of sulfur, common in sediments with abundant sulfide, occur as

the addition of HgS, HS , or S°:

FeS + H2S FeS2 + H2 (6)
— -4- —FeS + HS FeS2 + H + 2e (7)

FeS + S°-> FeS2 (8)

Very low Eh conditions are required to provide sufficient HgS for

Reaction 6 . Reaction 8 is dependent upon the availability of elemental

sulfur and a low pH. Pyrite formation at depth is marked by a con-
+2tinuing decrease in the concentrations of Fe and sulfide. Iron, 

however, usually remains more abundant than sulfide due to constant 

replenishment by the dissolution of iron-containing detrital grains.

One aspect of iron sulfide formation which is discussed by 

Trudinger (1976) is the development of pyrite framboids, spherules 

that range in size from 1 to 100 pm and are composed of many euhedral 

pyrite crystals that are dispersed through the spherules as are

f
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raspberry seeds through the berry. They are common in both sedimentary 

rocks and modern sedimentary environments and have been identified 

in both the Kupferschiefer and Mt. Isa deposits. The origin of 

framboidal pyrite is unclear. There is evidence that they may be the 

fossilized remains of aggregated cells of sulfur-reducing bacteria 

in which iron and other metals have been precipitated as sulfides.

A biogenic origin is supported by the fact that framboids are commonly 

associated with organic matter. Epigeneticists have proposed that 

the framboids are of inorganic origin and that the framboidal texture 

of the spherules is a pseudomorphic feature developed as greigite 

is converted to pyrite by the internal nucleation of pyrite crystals. 

The presence of pyrite framboids in some Kuroko ores (Matsukuma and 

Horikoshi, 1970) and possibly in hydrothermal veins (Schouten, 1940) 

indicates that biogenic activity is not essential for framboidal 

formation, but they remain a valuable indicator of biologic activity.

Organic Matter

Organic matter in sediments affects sulfide production, dis

tribution, and metal enrichment. Sulfide production is limited by the 

amount of metabolizable organic matter available for utilization by 

sulfate-reducing bacteria. The common association of sulfide and fine

grained sediments and rocks is related to the increase in organic 

matter concentration with decreasing grain size due to the protective 

action of clays. Metal enrichment correlated with organic matter 

can result from (1) incorporation of metals in living organisms and 

subsequent deposition with organic remains, (2) incorporation of metals



by reactions with organic matter, (3) adsorption on organic matter,

(4) organometallic complexing, and (5) reduction of metals by organic 

matter to form insoluble compounds (Mercer, 1976).

In a 1976 discussion, Trudinger states that living organisms 

contain up to 50 percent dry weight of organic carbon. Much of this 

carbon is recycled to CO^ and H^O by heterotrophic, organic-matter- 

requiring microorganisms. Some, however, will escape bacterial con

sumption and can be incorporated into the sediment. Duursma and 

Hoede (1976) point out that it has been calculated that a syngenetic 

metal sulfide deposit containing greater than one percent metal 

requires only 0.1 percent dry weight organic carbon to have been 

present in the sediments. Since up to 25 percent carbon has been 

recorded in some reducing environments in sediments, organic matter 

does not necessarily restrict the formation of an ore-grade deposit.

Both organically-bound sulfur and sulfate are utilized by 

bacteria to produce sulfide. Sulfate is abundant in marine environ

ments and comprises approximately 7 percent of the total salts in 

seawater (Oppenheimer, 1960). In addition to sulfide formed from 

bacterial sulfate reduction, residual organically-bound sulfur can be 

released from buried organic matter by thermocatalytic breakdown 

(Saxby, 1976).
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Present-day Deposits

There are many modern depositional environments with stagnant 

or euxinic reducing conditions where metal sulfide production could 

occur. Land-locked seas, fjords, deep basins, tidal flats, lakes, and
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swamps often contain black, fetid muds and metal sulfides, particularly 

iron sulfides. One of the largest areas of modern metal sulfide 

production is the Black Sea. The oxidation-reduction boundary in this 

land-locked sea is often above the sediment surface where HgS-containing 

deeper waters merge with the oxygenated surface waters (Trudinger,

1976). The bottom sediments are primarily black FeS-rich clays inter- 

bedded with pyrite-rich clays (Vaughan, 1976). Love (1967) reports 

that the iron content ranges from 1.18 to 3.68 percent and the iron 

sulfides are syngenetic. Copper is also present (20 to 80 ppm), 

particularly in finer-grained sediments.

Other environments where metal sulfide precipitation is occur

ring include Connecticut coastal areas (Berner, 1970), the Fraser River 

delta in British Columbia (Grieve and Fletcher, 1976), and basins of 

the southern California coast (Kaplan, Emery, and Rittenberg, 1963). 

Metal sulfides are also being deposited in the Red Sea. Metals are 

introduced by submarine hydrothermal brines and react with both hydro- 

thermal and biogenic sulfide (Krouse and McCready, 1979). Some 

geologists point out that this deposit is not strictly syngenetic in 

the same sense that the Black Sea metal sulfides are, but it does not 

conflict with the syngenetic model for some ore deposits.



MODERN COASTAL SABKHAS

In 1974, Renfro proposed the coastal sabkha model to explain 
the origin of many metalliferrous deposits, particularly copper-rich 

shales such as the Kupferschiefer and the Roan Antelope ore bodies.

His controversial paper reflects the growing interest of geologists 

in modern sabkha environments and the stratigraphic record such envi

ronments produce.

Active coastal sabkhas are present in many areas throughout 

the world, particularly where deserts lie marginal to semi-restricted 

marine waters. Kendall (1978) defines a sabkha as ’’an equilibrium 

geomorphic surface whose level is dictated by the local level of the 

groundwater table". This definition is very general. A more complete 

definition can be taken from the following discussion of coastal 

sabkhas which includes a description of the characteristics commonly 

associated with sabkhas. Coastal sabkhas are broad supratidal evap- 

orite flats bordering .partially landlocked seas (Renfro,1974; Smith,

1976; Kendall, 1978). They form by the seaward progradation of sub- 

tidal and intertidal facies sediments. The influx of sand-sized 

material, particularly by eolian processes, is generally low and the 

groundwater table is usually at or very close to the sediment surface 

which dips almost imperceptibly seaward. Sabkhas form in areas with hot, 

arid climates and the rate of evaporation is subsequently very high. 

Commonly, they grade seaward into intertidal mud flats and grade
29



landward into deserts. Only very high tides and flood waters 

reach the sabkha surface. Figure 6 is a generalized cross section 

of a sabkha based on the Abu Dhabi sabkha on the Persian Gulf. It 

illustrates many of the characteristics commonly associated with sabkhas.

Although sabkha facies differ depending on the local conditions, 

there are several characteristic features which they tend to have in 

common. Sediments include both detrital material transported from 

onshore and offshore sources and diagenetic evaporite minerals.

Evaporite minerals are commonly associated with sabkhas and grow 

interstitially in the host sediments. Aragonite, gypsum, and halite, 

in order of precipitation, are among the first minerals to form. As 

groundwater becomes increasingly concentrated due to evaporation, gyp

sum grows displacively within the upper intertidal sediments and grows 

poikilitopically within supratidal sediments. As gypsum forms, the 

Mg/Ca ratio of the groundwater increases and leads to dolomitization of 

earlier-formed minerals. Halite then forms, generally at the exposed 

sediment surface through direct precipitation. In some sabkhas such 

as the Abu Dhabi sabkha, anhydrite also grows in the sediments. In 

addition to the evaporite minerals, sabkhas are commonly associated 

with algal mats which grow in the intertidal zone. These leather-like 

mats are formed by blue-green algae which thrive in the nutrient-rich 

intertidal muds. The algal mats are buried as the sabkha progrades 

seaward and become saturated with hydrogen sulfide. Below the algal 

mats, the underlying sediments are usually saturated, porous, and 

permeable and allow evaporative pumping of the groundwater through 

these and the overlying sediments.
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Groundwater movement in sabkhas is very important in deter

mining the characteristics of individual sabkhas. Kendall (1978) 

describes the major types of groundwater flow. Three sources of 

groundwater generally replenish that lost by evaporation: 1) flood 

recharge by flood tides and storm waters, 2) intrasediment flow of 

marine groundwater, and 3) intrasediment flow of terrestrial ground- 
water. The geomorphic conditions partly control the relative importance

of each source. For example, beach ridges on the shore will restrict 

the influx of flood waters. Subsurface cementation, algal mats, and 

impermeable sediment layers restrict the upward flow of groundwater 

and downward seepage of flood waters. For a sabkha to form and 

remain stable, the volume of water supplied from the groundwater 

table must be less than or equal to the volume of water lost by 

evaporation. If there is a net gain rather than loss of water in the 

system, the sabkha will become a brine pan with the water table above 

the sediment surface. The hydrologic model discussed above is 

presently active in the coastal sabkhas of Abu Dhabi, McKenzie, Hsu, 

and Schneider (1980) have studied the groundwater movement in the 

sabkhas of the area. Their investigation has shown that a sequence 

of flood recharge, capillary evaporation, and evaporative pumping 

occurs. Landward, intrasediment flow of groundwater is occurring.

Within the intertidal and transitional zones, marine groundwater 

flows through the sediments.



DESCRIPTION OF THE STUDY AREAS

Reducing conditions and sulfide production occur in both marine 

and nonmarine environments. Samples of modern marine sediments were 

collected from tidal flats and estuaries along the northeast coast of 

the Gulf of California near Puerto Penasco, Sonora, Mexico (Figures 

7 and 8). Nonmarine environments are represented by samples from the 

Willcox Playa (Figure 9) and Rose Canyon Lake (Figure 10) areas in 

southeastern Arizona.

Coastal Areas, Northeast Gulf of California

Location and Physiographic Features

The town of Puerto Penasco, located on the mainland coast of 

Mexico approximately 100 kilometers southwest of Lukeville, Arizona, 

can be reached by paved roads from Sonoyta, Mexico. Unimproved roads 

provide access to some of the more distant coastal areas.

This region is part of the Sonoran Desert (Figure 7) and is 

covered by an extensive alluvial plain of Pleistocene and Holocene 

late Cenozoic sands and gravels as discussed by Sandusky (1969). 

Mountain ranges composed of Precambrian and Mesozoic granites and late 

Cenozoic volcanics are the principal source of the alluvial sediments. 

The Pinacate volcanic field lies to the northeast. The Sonoyta River 

is the major drainage in the area, but it flows only intermittently.
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Figure 7. Generalized geologic map of coastal study area showing sample locations.

(from Ramos, 1974).
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Figure 9. Generalized geologic map of the Willcox Playa and 
surrounding area showing sample locations.

(from Wilson, Moore, and Cooper, 1969).
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It enters the Gulf of California approximately 17 kilometers east of
*/Puerto Penasco.

The Bahia de Adair coastal complex lies approximately 10 to 

60 kilometers northwest of Puerto Penasco. Pelican Point, a ridge 

of light colored Mesozoic granite, marks the southern boundary of the 

complex. Five kilometers to the north is Black Mountain, a low hill 

of Cenozoic basalt. Between these two distinctive features lies the 

Cholla Bay tidal flat and estuary. The tidal flat is a gently sloping 

expanse of marine sediments up to five kilometers wide. Figure 11 is 

a northward view across the tidal flat toward Black Mountain during 

low tide. To the west, the tidal flat is open to the Gulf of Califor

nia. To the east, it is bounded by barrier dunes which separate it 

from the Estero la Cholla. There is no freshwater drainage into 

the Cholla Bay area (Rose, 1975). North of Cholla Bay, the tidal 

flat-estuary system continues along the coast.

South and east of Puerto Penasco is the Bahia de San Jorge 

coastal complex. There are three main estuaries: Estero Marua, known 

locally as the "first estuary", and two unnamed estuaries, the "second" 

and "third" estuaries.

Climate and Oceanography

The Sonoran Desert along the Gulf of California is a hot, 

subtropical coastal desert (Meigs, 1973). Green (1969) summarized the 

following meteorological data for Puerto Penasco: the average annual

precipitation is 73.5 mm, the average annual dry bulb temperature is 

20.1 C with ranges from ll.A°C in January to 29.7°C in August, and the



39

Figure 11. Northward view across Cholla Bay tidal flat toward Black 
Mountain.
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average relative humidity ranges from 30.6 percent in April to 58.1 

percent in August. Strong 24-hour winds are common in the area and 

are predominantly from the southeast, south, southwest, and west.

During October to December the winds also come from more northerly and 

westerly directions. Maximum wind speeds up to 64 kph (40 mph) were re

corded by Green (1969) but the average wind speed is from 10 to 16 kph 

(6 to 10 mph).

Oceanographic data for Puerto Penasco (Rosenberg, 1969) in

clude a seawater temperature ranging from 14.9°C in January to 31.1°C 

in August. Salinities range from 36.0 to 36.7 ppm which fall within 

the range of average ocean salinity values. One of the features of the 

northern Gulf of California is the large tidal range (Matthews, 1968). 

The maximum tidal range recorded at Puerto Penasco is 7.7 meters 

(25 feet), but at the head of the Gulf the tidal range is up to 

10.1 meters (33 feet). The tides are irregular with the monthly 

highest and lowest tides occurring together during the full and new 

moon. Maximum tides occur in mid-winter and mid-summer. The low 

relief and high tidal range combine to make the intertidal zone ex

tremely wide and account for the extensive tidal flats of the area.

Sedimentology

The sedimentology of the Cholla Bay tidal flat and Estero la 

Cholla (Figure 8) is taken from Rose (1975) and can be considered to 

be representative of the other coastal areas which have not yet been 

studied. Estero la Cholla consists of marshes and tidal channels

east of the barrier dunes, beach, and tidal flat of Cholla Bay. Water
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movement into the estuary is by tidal processes, mainly channel flow 

during a flood tide followed by overbank flooding of the marshes, then 

a reversal of flow during the ebb tide. The highest current velocities 

occur where the main inlet channel splits into two branches. Large 

ripple marks form in the main tidal channels and are exposed during low 

tide. Figure 12 is a southward view toward Pelican Point. Several 

large ripple marks are present in the foreground. It has been observed 

that the position and form of the main tidal channels has remained 

stable for many years.

The marsh area of Estero la Cholla can be divided into high and 

low marsh. The boundary between the high marsh and the eolian plain is 

set at the limit of flooding which occurs approximately 20 times a 

year. The boundary is gradational and is usually marked by the first 

appearance of cholla cactus. The high-low marsh boundary, set at 

approximately seven feet above mean low water, is also gradational and 

is dependent upon the frequency of flooding, usually about twice a day. 

Sediments in both areas are predominantly muddy sands underlain 

by a lower carbonate-rich unit that becomes an impenetrable horizon 

approximately 90 centimeters below the surface. The subsurface sedi

ments show an increase in carbonate concentration with depth, and 

carbonate cementation begins between 65 and 90 centimeters. Estero la 

Cholla is heavily vegetated in the marsh area. Figure 13 is a view to 

the west along a large tidal channel of the second estuary taken near 

the sample location. It illustrates many of the common characteristics 

of the estuaries throughout the area: very low relief, a deep channel 

for main tidal flow between steeply cut banks, a flat and heavily
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Figure 13 • Westward view along main tidal channel of the second 
estuary.



vegetated marsh on either side of the channel, and a line of sand 

dunes marking both the maximum extent of flooding and the marsh- 

eolian boundary.
The Cholla Bay tidal flat is separated from the estuary by a 

north-trending barrier island-dune system. The sediments of the tidal 

flat are generally gravelly muddy sands that appear to be underlain by 

an impenetrable carbonate-rich unit. There is no vegetation on the 

tidal flat.

Sediments in the area have been traced to many local sources.

The carbonate grains are generally derived from molluscan fauna.

Rock fragments include Pelican Point granite, local beachrock which is 

dominated by mollusc fragments, basalts from Black Mountain, Punta 

Penasco, and more distant volcanic sources, and chert which could not 

be traced to a local source. Mineral grains, mostly derived from 

local and offshore sources include quartz, albite, orthoclase, and 

sanidine. Heavy minerals from ocean current activity were derived 

from both the Colorado River and Rio Concepcion heavy mineral provinces.

Ground waters in the coastal areas studied are marine in origin, 

as has been shown by several wells sampled near Estero Marua and 

in other areas (DeCook and others, 1980; Schreiber, 1981, personal 

communication). Wells drilled along the coast near Puerto Penasco by 

the Environmental Research Laboratory Water Supply Study Team from 1978- 

1979 encountered marine salt water in the sediments. Beachrock 

along the coast, generally a good aquifer, had average salinities of 

3.9 percent. Estero sands proved to be partial aquifers with
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salinities similar to or slightly higher than seawater. Sands two 

kilometers inland were also drilled to depths of approximately 50 

meters and sampled. These sands had average salinities of 5.8 percent 

and values ranged from 4.4 to 7.9 percent. These waters probably 

do not contribute metals to a greater extent than do the surface 

marine waters.

Fresh water in the area is encountered in isolated localities 

only. The Rio Sonoita channel, east of Puerto Penasco, carries fresh 

water during flood stage. The northern end of Bahia de Adair is known 

to have fresh groundwater circulating near the coast and the estuary 

complex (May, 1973). The fresh water appears at the surface in small 

depressions, or pozos, that have either formed naturally or been 

dug by animals such as coyotes. Seepage of fresh water from under

ground sources into the Gulf of California is also known north of 

Bahia de Adair.

Willcox Playa

Location and Physiographic Features

The Willcox Basin, part of the Sulphur Springs Valley of south

east Arizona, is a northwest-trending Basin and Range-type structural 

trough. The trough formed in the mid-Tertiary (Pipkin, 1964) by 

relative uplift of the mountains along the sides of the basin and 

down-dropping of the valley floor. It has apparently been the site 

of many ancient lakes, of which Lake Cochise was the most recent. This 

lake existed in the late Pleistocene and covered approximately 300
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square kilometers (120 square miles) of the Willcox Basin (Robinson, 

1965). The Willcox Playa presently occupies the center of the basin 

and is located a few kilometers south of the town of Willcox in north- 

central Cochise County, Arizona (Figure 9). The playa is a remnant of 

Pleistocene Lake Cochise and covers approximately 130 square kilometers 

(50 square miles) of the basin floor. The western and southern edges 

of the playa can be reached by unimproved roads from U. S. Highway 666.

Pine (1963) has described some of the present characteristics 

of the Willcox Basin. The floor of the playa is the lowest point in 

the basin at 4135 to 4136 feet above m.s.l. Mountains with an average 

elevation of 6,000 to 6,500 feet flank the basin on both the east and 

west. Alluvial fans have been built outward from the bases of the 

mountains. Drainage into the basin is predominantly from the north 

and southeast. Stream flow is characteristically intermittent or 

ephemeral and occurs only after thundershowers. There is no through 

drainage from the basin.

Climatic Conditions

The meterorological conditions for the area have been tabulated 

by Sellers and Hill (1974). The climate in the area is semi-arid. 

Temperatures range from an average of 19.6°C (41.5°F) in the winter to 

an average of 37.3°C (79.1°F) in the summer. The average annual 

temperature is approximately 28°C (60°F).

The average annual rainfall at Willcox is 28 to 30 cm (11 to 

12 inches). Localized thundershowers account for most of the precipita

tion and precipitation increases with increasing elevation. Over
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fifty percent of the yearly precipitation occurs from July to 

September. The maximum monthly rainfall, 6.75 cm (2.66 inches), 

occurs in August and the minimum, 0.99 cm (0.39 inches), occurs in 

November. The mean relative humidity varies from 31 percent in May 

and June to 64 percent in August.

Sedimentology

The mountains surrounding the Willcox Basin, the primary 

sediment source, contain rocks ranging in age from Precambrian to 

Cenozoic (Wilson, Moore, and Cooper, 1969). The general geology of the 

basin is illustrated in Figure 9. Igneous intrusives are mainly Pre

cambrian and Cretaceous to Tertiary granitic rocks with associated 

aplite, pegmatite, and rhyolite porphyry rocks. Tertiary extrusive 

rhyolitic rocks are the most common rock type in the area (Pipkin, 

1964). Mafic volcanics, including basalt and andesite, are also pre

sent. Although there is a granite gneiss to the northeast, almost all 

of the metamorphic rocks in the area are classified as part of the 

Precambrian Pinal Schist. Some sedimentary rocks are present and are 

primarily Paleozoic and Mesozoic quartzites, sandstones, limestones, 

and shales.

The alluvial material which fills the Willcox Basin was derived 

from the surrounding mountains and was deposited from the Tertiary to 

the present. Older alluvial deposits are primarily consolidated con

glomerates, sandstones, and mudstones. More recent deposits include 

poorly consolidated to unconsolidated gravel, sand, silt, and clay.



The Quaternary lake deposits consist of clays and silts. The total 

thickness of the basin fill is not known (Pipkin, 1964).

Sediments within a few feet of the present piaya surface have 

been dated at greater than 20,000 years (Long, 1966) and were deposited 

in pluvial Lake Cochise. Robinson (1965) has investigated some of the 

sedimentological features of Lake Cochise. Paleodrainage into the lake 

was primarily from the north and southeast and most of the sediment was 

supplied by this drainage system. In the southeast, the Dos Cabezas 

Mountains and the Chiricahua Mountains were the primary source of 

sediment. Lake Cochise was a shallow slightly alkaline lake, approxi

mately 10 meters (35 feet) deep, and bottom waters were probably 

oxygen-deficient. The presence of euxinic bottom conditions is sup

ported by the presence of over 43 meters (140 feet) of black mud which 

is the dominant lithology beneath the playa surface. Pipkin (1964) 

reports that black muds cored from the center of the playa had a silt 

to clay ratio of 30:70. Most of the material greater than 2 pm was 

composed of illite with montmorillonite, mixed layer illite-montmorillon- 

ite, and vermiculite in order of decreasing abundance. Carbonate is 

also present in muds, usually between 13.7 and 34.0 percent. The 

organic matter content of the sediments ranges from 0.44 to 2.20 

percent with an average of one percent (Schreiber, 1978).

Rose Canyon Lake

Rose Canyon Lake (elev. 6920 feet above m.s.l.) is located 

approximately 40 kilometers (30 miles) northeast of Tucson, Arizona 

in the central Catalina Mountains (Figure 10). The lake is small.
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only about one square kilometer in area and approximately 4.5 to 6 

meters (15 to 20 feet) deep near a dam on the south end of the lake.

The lake is a popular picnic area and is easily accessible by paved 

roads. The dam was built in 1958 and can be reached by a short hike 

along well-travelled paths.

The area around the lake is forrested and is a dramatic change 

from the desert conditions in Tucson. Sellers and Hill (1974) have 

reported climatic data for the area based on readings taken at the 

Palisade Ranger Station, 3 kilometers north of the lake. The average 

temperature ranges from 35.6°C (75.5°F) in July to 11.1°C (23.5°F) in 

December. Precipitation includes rain, snow, sleet, and hail.

Rainfall averages 13.3 centimeters (5.2 inches) in December and only 

0.9 centimeters (0.37 inches) in June. Over 2 meters (7 feet) of snow, 

sleet, and hail fall during the year, about a third of it in December.

A description of the geology of the central Catalina Mountains 

is given by DuBois (1958). The Catalina Mountains are a metamorphic 

core complex-type of mountain range. The core of the mountains is 

composed of the Catalina Gneiss, a granitic gneiss that extends south

ward from Mount Lemmon toward the Tucson Basin. It is these rocks 

which underlie Rose Canyon Lake. North of Rose Canyon, the Catalina 

Gneiss is bounded by a sequence of Precambrian metasedimentary rocks, 

principally the older Precambrian Pinal Schist and the younger Pre

cambrian Apache Group. The Apache Group is a sequence of conglomerates, 

quartzites, shales, and an uppermost limestone unit. Younger rocks lie 

further to the north.
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The Catalina Gneiss appears to be the primary sediment source 

for the lake although some metasedimentary material from more distant 

sources upstream is probably present also. Coarser sediments, mainly 

sands and gravels, are common at the north end of the lake where the 

main stream enters the lake. Finer grained muds are more common near 

the dam at the south end of the lake.

Anaerobic bottom conditions, as indicated by the presence of 

H^S and black muds, occur in the lake near the dam. The colder and 

deeper waters behind the dam are somewhat stagnant due to poor circula

tion. The low oxygen content of these waters (Schreiber, 1981, 

personal communication) has led to a reducing environment.



METHODS OF STUDY

Sampling Procedures
Samples of reduced sediments were collected from tidal flats 

and estuaries along the northeast coast of the Gulf of California. 
Samples from Estero Marua, the Second Estuary, and the Cholla Bay 

tidal flat (Figure 7) were collected in late October of 1980. Sampling 

was done during the morning when the tide was at the lowest point, 

usually between the hours of 7 and 12. Higher afternoon tides 

restricted access to the sample sites to the morning hours. Samples 

were obtained by pushing a one inch-diameter 12 to 36 inch-long plexi

glass tube into the soft sediment, removing the tube with most of the 

sample intact, and stoppering and taping the ends of the tubes to make 

them as air-tight as possible. The deepest sections of the cores were 

lost when the tube was pulled up due to lack of sufficient suction.

Reduced sediments are generally present within a few centi

meters of the sediment surface and are characterized by a grey to 

black color and a strong hydrogen sulfide odor which becomes more 

pronounced when hydrochloric acid is dropped on the sample. These 

dark sediments are only present in the estuaries along the main tidal 

channels as isolated patches. Locating the patches of black reduced 

sediments was sometimes difficult because the uppermost sediment is 

oxidized to a uniform brown color throughout the area. Often, how

ever, mounds of material excavated by burrowing organisms gave an 

indication of the actual color of the underlying sediments. A hard
50



layer of coarse, shelly channel-fill material was often encountered 

at various depths and prevented sampling of deeper sediments. The 

lengths of cores obtained ranged from 20 to 70 centimeters.

The Cholla Bay tidal flat differs from the estuaries in 

that the reduced sediments appear to cover the entire area uniformly. 

Samples from both the southern end of the tidal flat and Estero la 

Cholla were collected in early February, 1981. The tidal flat 

samples were taken along two transects at 100 meter intervals in a 

N. 30° W direction from the entrance to Estero la Cholla (Figure 8). 

Sampling was done as described above, although the samples were 

taken of the top 30 centimeters of sediment only.

In March of 1981, samples were collected from the Black 

Mountain estuary and the northern end of the Cholla Bay tidal flat. 

Figure 14, a photograph of sample BME-4 from the Black Mountain es

tuary, shows a black layer of finer-grained sediments sandwiched 

between two oxidized layers of coarser sediments in a collecting tube.

In addition to the samples of marine sediments collected from 

the Mexican coastal areas, samples of black Pleistocene lake clays 

were cored from the Willcox Playa (Figure 9). These very fine grained 

sediments are encountered approximately 8 to 10 feet below the surface 

of the playa and continue to an unknown depth. Above them is a layer 

of slightly less reduced olive-green clay. Samples were col

lected by hand augering to depths at which black sediments were first 

encountered and then deepening the hole in order to sample well into 

the black clay. Paired Eh and pH measurements on similar black clays
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Figure II4. Sample of Black Mountain estuary sediments (BME-U) showing 
black reduced layer.
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from playa cores gave Eh values near -300 mv and pH readings between 

9.0 and 9.5 (J. F. Schreiber, Jr., personal communication).

In April of 1981, a sample of modern lake sediment from Rose 

Canyon Lake was dredged from the bottom of the lake near the dam 

(Figure 10). It consisted of black fetid muds with abundant 

organic detritus such as leaves, pine needles, and twigs. There 

was also a great deal of litter brought up with the samples including 

bottle caps, fishing tackle, and cans. The muds have the hydrogen 

sulfide odor characteristic of reduced sediments. The sample was 

stored in a plastic bag. It was necessary to wash the sample to 

separate the fine grained sediments from the leaves and pine needles 

which were also caught in the dredging equipment.

Laboratory Procedures

Samples for chemical analysis were generally taken from the 

darkest and most reduced layers of each core sample. These samples 

were analyzed for copper, lead, zinc, and iron content at the Rocky 

Mountain Geochemical Corporation laboratory in Tucson, Arizona. The 

procedure for the analyses required that the samples be dried, ground, 

weighed, and dissolved. Metal concentrations were determined using 

atomic absorption spectrography. Iron concentration was reported as 

weight percent and lead, zinc, and copper were reported as parts per 

million (ppm). Copper, lead, and zinc concentrations less than 5 ppm 

were represented by values of -5 ppm.

Ten samples were chosen to represent the different environments 

and any variations from the normal metal contents expected. These
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samples were analyzed for organic matter and sulfate at the Soils, 

Water, and Plant Tissue Testing Laboratory of the University of Arizona 

in Tucson. The procedures for the sample preparation were the same as 

previously discussed. Sulfate was analyzed with an autoanalyzer 

and organic matter content was determined using the Walkley-Black 

Method. This technique involves dissolving the sample and titrating 

with a solution containing FeSO^, H^SO^, and AgSO^. Each sample was 

also sieved using a 230-mesh (4^) screen to separate the silt and 

clay-sized material from the rest of the sample, the weight percent 

of the silt plus clay fraction was determined.

Sample WP-1 from the Willcox PIaya was also analyzed by X-ray 

diffraction. The sample was mounted and run immediately after removal 

from the air-tight sample container. Cu^ radiation was used.



RESULTS

The depth, metal concentrations, and weight percent of the 

less than size fraction (<62 pm) of the samples are listed in the 

Appendices. Ten of the samples from various environments and sample 

locations were also analyzed for organic matter and sulfate and 

these concentrations are reported in the Appendix as well.

Figure 15 shows the distribution of the different metal ions 

in the Cholla Bay area with respect to the shoreline. The contours 

in the tidal flat show the general trends of the metal concentrations 

for the sample locations shown in Figure 8 . The metal concentrations 

in the sediments decrease in a seaward direction from the shore.

Iron is by far the most abundant of the four metals. Zinc is generally 

the next most abundant at any sample location and copper is the 

least. The silt and clay fractions (less than 4d) of the sediments 

also decrease seaward. The metal contents also appear to increase 

close to the main tidal inlets into the estuaries. Lead in particular 

has anomalously high values of 115, 85, and 145 ppm just to the north 

and south of the inlet to the Black Mountain estuary although the 

values decrease directly across from the mouth to average values of 

10 to 20 ppm.
In addition to a progressive change in metal content across the 

tidal flat, there is also a difference between the estuary and tidal 

flat sediments. The metal contents of the Black Mountain estuary
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Figure 15. Metal concentration distributions in the Cholla Bay tidal flat.

See Figure 7 for sample locations.
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samples are almost twice that of the tidal flat sediments to the west.

A similar increase occurs in the other estuary samples. There is 

also an increase in the silt and clay fractions of the estuaries 

relative to the tidal flat.

The relationship between metal content and the less than As

size fraction sediments for all samples is illustrated in Figures 16 

through 19. Iron concentrations (Figure 16) show a positive correlation 

with increasing silt and clay content but copper, lead, and zinc 

(Figures 17, 18, and 19) are too scattered to indicate a correlation. 

Coarser sediments throughout the areas studied did not appear to be 

conducive to reducing conditions as was seen in Figure 14, in which 

the fine grained layer is black and reduced and the coarser sediments 

on either side are oxidized. Greater circulation through the coarser 

sediments accounts for the oxidizing conditions.

Two samples from the Second estuary (SE-1 and SE-3) are ox

idized marsh sediments, one from the high marsh area and the second 

from the vegetated low marsh sediments just above the main tidal 

channel near the area shown in Figure 13. In general, both of these 

samples have higher metal concentrations than the reduced sediments. 

Iron is particularly concentrated.

The ten samples analyzed for organic matter and sulfate were 

selected to represent each of the different sample areas in addition 

to various ranges of metal concentrations. The values obtained for 

these samples are shown in the Appendix. The availability of organic 

matter may be the major factor controlling the extent of bacterial 

sulfate reduction (Trudinger, 1979). Sulfate is generally considered
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Figure 16. Relations between iron content and less than A«5-size 
fraction of all samples.
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Figure 18. Relations between lead content and less than 4«5-size
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to be the main source of sulfur for utilization by sulfate reducing 
bacteria (Figure 2) and the abundance of sulfate may therefore be 

related to the amount of H^S. Surprisingly, there appears to be 

little or no correlation between the metal content and amount of fine 

grained material and either sulfate or organic matter in the areas 

studied. For example, the Black Mountain Estuary sample (BME-8B) has 

one of the highest concentrations of sulfate but the metal content in 

the sediments is almost the same as that of the Second Estuary sample.

The Rose Canyon Lake sediments are enriched in metals relative 

to the marine sediments. Although the sample was not sieved, the 

material was mostly silt and clay (visual estimation). In addition to 

sedimentary material, there was a great deal of fine-grained organic 

matter derived from the surrounding vegetation in the sample. The 

sediments of the lake had the highest metal concentration of any of

the areas sampled, an enrichment most likely due to pollution 
of the lake. As previously mentioned, the bottom of the lake is 

littered with cans, fishing gear, and other trash which probably 

affect the metal values in the lake sediments. There is also the 

possibility of pollution from the smelter in San Manuel, approxi

mately 15 miles to the northwest. Prior to pollution control 

restrictions, high sulfate values were measured in rain water sampled 

on Mount Lemmon and have been attributed to production at the smelter 

(Schreiber, 1981, personal communication). In general, therefore, 

pollution of the Rose Canyon Lake sediment samples must be considered.

Part of the purpose of this study is to relate the results of
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metal concentrations from the modern marine and nonmarine environments



63
samples to black shale-hosted syngenetlc deposits. Table 4 lists the 

concentrations of metals and organic matter for seawater, the areas 

studied in this paper, average shales, black shales, and a few black 

shale-hosted metal sulfide deposits. The major difference between the 

average shales and black shales is the organic matter content. The 

copper concentration in the modern marine sediments is below the value 

expected in average shales, much less that in black shales (Vine and 

Tourtelot, 1970). Only the nonmarine sediments have values in the 

range of average shales to black shales. The lead values range from 

below to above average black shale values. Zinc and iron values 

generally are depleted relative to black shales and in some cases 

even fall below these values. The organic matter content ranges 

between the two shale types.

The X-ray diffractogram obtained from the Willcox Playa 

sample WP-1 shows the presence of clay minerals, analcime, and carbon

ate as reported by Pipkin (1964). Precipitated iron sulfide may also 

be present but the peaks, which are very low, are masked by other 

minerals. Greigite (Fe^S^) is also present. Berner (1967) has 

reported the X-ray diffraction patterns of various iron sulfides and 

it was his patterns which were used to determine the presence of 

iron sulfides in this study.
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Table 4. Concentrations of metals and organic matter in seawater, study- 
areas , shales, and black shale-hosted sulfide deposits♦

SOURCE Cu
(ppm)

Pb
(ppm)

Zn
(ppm)

Fe
(%)

ORGANIC 
MATTER (%)

seawater .00025 .00003 003- .004 .02
Choila Bay 

tidal flat -5-20 10-145 10-45 0.36-1.46 .191-.2811

Black Mountain 
estuary -5-10 10-70 15-50 0.45-1.50 1.203

Cholla Bay 
estuary 5 5 15-25 0.58-0.88 0.225

other estuaries -5-30 10-40 15-95 0.56-3.47 .225-1.214

Willcox Playa 20-75 30-45 80-85 3-3.4 0.810
Rose Canyon 
Lake 95 150 200 1.70

Average shalê - 45 20 95 4.72 .65
Average black 

shale* 200 50 1500 2 3.2

MeArthus River* 
-HYC

(%)
tr

(%)
4

(%)
10 7 1

Mt. Isa2 
-total tr 7 6 7

-#10/25 tr 12 2 5.5

-#7 tr 11 16 5 0 .1-1.0
Zambia^ 
-overall 3. 2 tr tr tr-1.9
-Roan Antelope 3 tr tr

Kupferschiefer 1.4-3 1.4-3 2-3.6 1.5-2

*from Vine and Tourtelot (1970).
2from Trudinger, Lambert, and Skyring (1972).



DISCUSSION

Many factors appear to influence metal concentrations in 

sediments in the areas studied. Variations in metal concentrations 

between marine and nonmarine samples probably reflect differences 

in depositional environments. The different coastal marine areas 

sampled also show variations such as a distinct seaward decrease in 

metal concentrations and variation between estuary and tidal flat 

sediments. Factors which could affect such distributions include 

sedimentary source, conditions of environment of deposition, the 

fluvial and estuarine waters which transport the metals, and con

tamination.

Major sources of sediment for the Gulf of California coastal 

terrains in the study areas have been generally consistent for the 

second half of the Cenozoic. During this time, the climate in the 

area has remained dry and there have been only minor sea level fluctu

ations (Schreiber, 1981, personal communication). Modern sedimentary 

metal concentration trends, if present, should reflect these stable 

conditions. The two primary sources of the Cholla Bay sediments are 

the Pelican Point Granite and the Black Mountain Basalt. Metal 

distribution in the sediments of the Cholla Bay tidal flat does not 

appear to be significantly influenced by either source. Increased metal 

content in the Black Mountain Estuary, however, may be due to contri

butions of metals from the Black Mountain Basalt. More distant sedi-

)
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ment sources such as the Pinacate Volcanic Field to the northeast and 

the Colorado River to the north also supply some detrital material.

Marine currents may carry a great deal of suspended material 

into the area and thereby provide metals, sulfate, and nutrients for 
bacterial growth. Water in the northern Gulf of California moves in 

a counterclockwise direction most of the year. In the winter months, 

the motion is clockwise. A major marine current moves from south to 

north along the coast in the study area. Tidal currents also come 

predominantly from the south (Schreiber, 1981, personal communication). 

Suspended silts, clays, and organic matter such as plankton are 

brought into the coastal areas by these currents. Sources of the 

suspended detrital material include major fluvial drainage systems 

such as the Colorado River to the north and the Rio Concepcion to 

the south.

Copper, lead, and zinc are present either as metal sulfides 

precipitated when the metal ions were transported into sulfide-rich 

reducing environments or are adsorbed on clay minerals and other fine 

grained materials such as organic matter. A large part of the iron in 

the sediments is associated with detritus, occurring mostly as iron 

oxide coatings on clastic grains and as lattice iron in silicate 

minerals. This association perhaps accounts for the correlation 

between iron and finer grained materials as shown in Figure 16.

Iron, however, has been demonstrated to be a common syngenetic metal 

sulfide in numerous studies mentioned earlier and modern iron 

sulfide precipitation is occurring in the sediments of the study areas.
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The consistent seaward decrease in metal content in the Cholla Bay tidal 

flat sediments and apparent correlation between metals, organic matter, 

and sulfate indicate that active metal sulfide precipitation is contribut

ing to the total metal concentrations. Metal ions adsorbed on detrital 

grains also account for some of the metal concentration in the 

sediments. The mineralogy of the metal sulfides could not be determin

ed. The minerals were too fine grained to be identified with a micro

scope and although X-ray diffraction was attempted with the Willcox 

Playa sediments, the results were inconclusive. Berner (1970) has 

noted that identification of iron sulfides that occur in this manner 

is extremely difficult.

Waters which circulate through sediments can be an important 

source of metal ions. Some of the metals present in seawater are 

introduced into the sediments through tidal action which causes a 

constant renewal of seawater in the tidal flats. As mentioned 

earlier, terrestrial groundwaters that could also provide metals 

do not circulate through the sediments of the study areas.

Sulfate can be used as a possible indicator of the relative 

occurrence of sulfide in the sediments. Sulfate-reducing bacteria 

convert the sulfate to sulfide by metabolic process. This process 

is occurring in the coastal areas, although a quantitative study of 

sulfide production and occurrence was not included in this investi

gation. The occurrence of sulfate in the sediments does not consistent

ly relate to either metal concentration or depositional location 

in the tidal flat or estuary. A high rate of sulfide production in 

the estuaries and in the more landward parts of the tidal flats would



account for increased concentration of metals in these areas by 

increased precipitation of metal sulfides.

The Willcox Playa sediments have somewhat higher metal con

centrations than the coastal marine sediments. The environment of 

deposition, source areas of sediments, and ground water influences 

all differ substantially from the coastal areas. Lake Cochise sedi

ments and waters may have been enriched in certain metals, particular

ly due to the influx of streams into the basin that had passed 

through metal-rich rocks surrounding the basin. In addition, ground 

water circulation through the lake sediments has been occurring 

since Lake Cochise dried up approximately 13,500 years ago. While 

the lake was in existence, perhaps for up to 100,000 years, lake waters 

and ground waters saturated the sediment. Some metals may have 

been concentrated in the sediments during this time through direct 

precipitation of metal sulfides. These processes have occurred in 

Lake Cochise as much as 6 or 7 times longer than similar processes 

have occurred in the coastal areas studied.

In addition to metal ions carried into Lake Cochise in 

solution, some of the metal enrichment is due to metals deposited 

with detrital grains. The mountains surrounding the Willcox Basin 

are metal-rich, and this should be reflected in the sediments deposit

ed in Lake Cochise. The lake bed sediments are generally sandy and 

silty muds (Robinson, 1965) with a high percentage of clays to 

which metal ions may be adsorbed. In general, then, it is quite 

possible that although more syngenetic metal sulfide precipitation
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may have occurred in pluvial Lake Cochise, many of the metals are 

detrital or were introduced into the sediments at a later time.

The muds from Rose Canyon Lake have relatively high metal 

concentrations compared to the other sample areas. As discussed in the 

previous section, these higher concentrations appear largely the 

result of human pollution of the lake, although the surrounding 

gneissic rocks are a possible source of some of the iron and trace 

amounts of copper, lead, and zinc. In the short history of the lake, 

it is unlikely that natural sources of metals such as the gneisses 

in the area could provide the large amounts of metals seen in the 

samples. The overwhelming evidence of human pollution around the 

lake should instead be considered to be the major source of the metals.

Coastal sabkhas, as described earlier, are present at the 

northern end of the Gulf of California and in sheltered lagoons on the 

west coast of Baja California. The northern sabkhas include 

fault sag ponds on the east side of the Colorado River Delta, called 

Salina Grande, and the Laguna Ometepec sabkha on the mudflats of the 

western Colorado River Delta north of San Felipe. Laguna Mormona is a 

location of active sabkha processes on the Pacific coast of Baja 

California approximately 200 miles south of the border. Each area 

exemplifies many of the sabkha characteristics mentioned earlier, 

particularly a hot arid climate, high evaporation rate, limited influx 

of surface waters, low sedimentation rate, evaporite mineralization, 

and the presence of algal mats (Vender Haar and Gorsline, 1977; 

Horodyski, Bloesser, and Vender Haar, 1977). Salt rock and gypsum are 

the dominant evaporite minerals in these deposits. Studies have
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shown that the sabkha facies in these areas are often cyclic and are 

interbedded with terrigenous and marine facies. Their base metal levels 

have not been studied.

Although sabkhas are present in numerous areas around the Gulf 

of California, the coastal marine environments sampled in this study 

are not sabkhas. Instead, they are tidal flats and estuaries with 

many of the characteristics associated with sabkhas. Sabkhas are not 

present for various reasons. One major factor is a high influx of 

surface waters, particularly tidal waters. A true sabkha is wetted 

only occasionally whereas the sediments sampled are flooded twice a 

day by tides. Also, the sedimentation rate in the estuaries and tidal 

flats is much higher than in sabkhas, both through eolian and marine 

processes. In the most landward extent of some of the estuaries, 

evaporite minerals, generally halite and gypsum, have been found at 

the surface. South of Puerto Penasco near the northern end of Estero 

Marua, evaporite pans occur where gypsum crystals have been reported 

growing in the surface and near-surface sediments (Schreiber, 1981, 

personal communication). Minor evaporative pumping of marine ground- 

waters is therefore occurring in this area. The coast in this area is 

very young due to active uplift, as evidenced by uplift of beachrock 

32 feet above mean low water, and sea level fluctuation. The sea level 

has risen approximately 100 meters in the past 18,000 years, and has 

been at the current mean sea level for less than 6,000 years (Schreiber, 

1981, personal communication). Significant concentrations of metals 

as proposed by Renfro (1974) would require from 100,000 to 200,000
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years (Smith, 1976). Such conditions have not been present in the 

area for the necessary length of time. Another important difference 

between the study areas and Renfro's model is the absence of algal 

mats in the intertidal zones. Algae are present in the sediments 

but not in the form of algal mats. Some algal mats were present in 

the upper intertidal sediments of the harbor at Puerto Penasco before 

dredging of the channel (Schreiber, 1981, personal communication).

In general, metal concentrations in the various environments 

studied, particularly the coastal marine sediments, fall in or below 

the range of metal concentrations in most shales. Some of the 

sediments, particularly the Rose Canyon Lake sediments, fall in the 

range of black shales. The reasons for the relatively low values of 

metal contents in the tidal flat sediments appear due to two 

primary factors: the sources of metals such as rivers and seawater 

have not supplied sufficient metal ions and the sediments are too 

young to have allowed time for significant metal concentrations 

to build up. Conditions necessary for metal sulfide precipitation 

according to syngenetic theory are present, but in general there is 

little or no evidence of significant metal concentration. In the 

Rose Canyon Lake sediments the high metal concentrations are probably 

due to pollution of the lake.



CONCLUSIONS

The following conclusions can be drawn from this investigation.

1) Black reduced sediments and the presence of hydrogen sulfide 

alone are not necessarily indicative of significant syngenetic 

concentrations of base metals;

2) Coastal area tidal flats and estuaries near Puerto Penasco,

Mexico, do not contain significant concentrations of metals 
suggesting that either an additional or unusual source of metals 

or more time is needed for greater metal concentration;

3) Metals in the sediments sampled occur as ions adsorbed on fine 

grained materials, as part of metal-containing detrital grains, 

and as syngenetic metal sulfides;

4) Pluvial Lake Cochise and the conditions which have been present 

throughout the history of the sediments were more conducive to 

metal enrishment than the modern coastal marine environments 

studied;

5) Modern man-made lakes can develop reducing conditions in which 

metal sulfides may precipitate and high metal values can be 

attained in only a few years. Pollution can increase the 

influx of metals into the sediments;

6) Coastal areas near Puerto Penasco are not sabkhas according to 

Renfro's definition although many of the characteristics needed 

for sabkha formation are present.
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APPENDIX

Location

Cholla
Bay

ANALYSES OF SAMPLES
-2Sample Depth Cu Pb Zn Fe Silt & Organic SO^ 

Number (cm) (ppm) (ppm) (ppm) (%) Clay Matter
(%) (%) (ppm)

CB-1 16—18 195 10 25 0.60 11.8

-A1 15-20 20 25 25 0.64 3.1

-A2 10-20 5 10 15 0.70 4.2

-A3 6-11 5 10 15 0.57 1.7

-A4 7-13 5 10 15 0.57 2.2

-A5 9-15 5 10 10 0.59 1.5

—A6 8-14 5 10 10 0.59 1.1

-A7 9-15 5 5 15 0.58 1.5

—A8 12-18 5 5 10 0.50 1.1

-A9 7-12 -5 -5 10 0.48 1.0

CB-B1 3-8 5 5 10 0.82 11.2

-B2 7-12 5 5 15 0.88 6.4

-B3 5-9 5 5 10 0.63 4.1

-B4 14-18 5 -5 10 0.52 4.6

-B5 12-18 5 -5 10 0.55 2.9

-B6 4-9 5 -5 10 0.56 1.9

-B7 6-11 5 -5 15 0.51 1.7

—B8 8-13 5 -5 10 0.47 1.1

-B9 4-10 -5 -5 10 0.44 1.1

-BIO 7-14 5 -5 10 0.47 2.0

766.8
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Location

Cholla
Bay
North

Black
Mountain
Estuary

Sample Depth Cu Pb Zn Fe Silt & Organic SO^ 
Number (cm) (ppm) (ppm) (ppm) (%) Clay Matter

(%) (%) (ppm)

-Bll 12-18 5

CB-C1 3-9 5

-C2 2-8 5

CBN-1 9-15 5

-2 21-27 -5

-3 3-7 10

-4 11-14 5

-5 9-12 -5

—6 5—8 —5

-7 10-13 -5

-8 13-17 -5

-9 ' 15-19 -5

-10 9-12 5

-11 9-14 -5

-12 8-11 5

-13A 8-12 -5

—13B 15—20 —5

BME-1 6-12 5

-2 15-20 5

-3 4-7 10

—4 4—7 —5

-5 4-8 5

11-15 10

-5 10 0.48

5 10 0.62

-5 10 0.52

20 45 0.79

10 15 0.51

115 45 1.46

85 15 0.72

5 15 0.36

5 10 0.41

5 10 0.51

10 15 0.36

10 15 0.50

15 20 0.43

10 15 0.61

10 20 0.76

5 15 0.67

145 15 0.69

20 30 1.37

50 40 1.23

30 50 1.50

10 15 0.45

15 30 1.28

25 40 1.29

1.1
5.6

6.6
3.5

13.7

17.9 0.191 668.2

10.7

2.2

3.4

0.6 0.236 648.5

0.8
0.5

5.2 

2.1 
1.1
12.0
12.0
14.6

3.8

3.5 

6.4

17.2

-6 16.7
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Location Sample Depth Cu Pb Zn Fe Silt & Organic so,"2
Number (ccm) (ppm) (ppm) (ppm) (%) Clay Matter

(%) (%) (ppm)

-7 16-20 5 20 35 1.15 11.8

-8A 1-3 5 20 35 1.06 14.9

—8B 6-10 10 70 40 1.28 7.7 1.203 2265.8

Cholla CBE-l 4-10 5 5 20 0.58 3.1 0.225 806.3
Bay
Estuary -2 5-10 5 5 15 0.73 10.0

-3 4-9 5 5 15 0.88 11.1

-4 6-11 5 5 25 0.68 6.6

Estero EM-1 14-15 -5 10 15 1.06 0.7
Marua

-2A 7-10 -5 10 20 0.86 10.5 0.225 885.2

-2B 15-20 -5 10 20 0.72 7.7

-3 8-12 -5 10 15 0.66 3.0

Second SE-1 4 20 35 75 2.34
Estuary

-2A 6-9 -5 10 15 0.66 5.2

-2B 58-60 -5 10 15 0.56 2.5

-3 8-9 30 40 95 3.47 10.8 1.214 1431.4

(ft)
Willcox WP-1 9 75 40 80 3.34 90 0.810 6578.2
Playa

-2 10 55 45 85 3.01
* 29 30 30 -5 3
* 114 20 30 15 3

Rose RCL-1 95 150 200 1.70
Canyon
Lake

(*Schreiber, 1981, personal communication)
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