e e e e

e 4

ﬁ,?‘

~ DEPARTMENT OF THE INTERIOR
UNITED STATES GEOLOGIOAL SURVEY

f¢&z
GEORGE OTIS SMITH, DIRECTOR //’;;/ 7
. u,: '?}0» ,‘/
BULLETIN 606 Tegf,

ORIGIN OF THE

ZINC AND LEAD DEPOSITS OF THE
JOPLIN REGION

MISSOURI, KANSAS, AND OKLAHOMA

BY

C. E. SIEBENTHAL

.‘.:"o :".
¢ e

WASHINGTON
GOVERNMENT PRINTING OFFICE
1915






CONTENTS.

Page

Preface, by F. L. Ransome. . ..c.cceouieeietaia e iiiaiaieeiaeesaaaenaaanns 9
Outline of the origin of the zinc and lead deposits of the Joplin region. . ...... 11
Introduction...... ..o i i i 21
Field work. .. ............. et e, 21
Acknowledgments................... ... et 21
The Ozark uplift................. PR 23
Geographiy. ... e i 23
ArEal G010y . - vt e e PR 24
Pre-Cambrian rocks. ... 24
Cambrian and Ordovician rocks....... ... . .. ... 24
Silurian rocks. ... oo 25
Devonianrocks..........ooiiiiial., et e eeaceaeeneaeaaaeaan 25
Mississippian rocks. .. ... i .26
Pennsylvanian rocks.......... ... ... e e 28
Post-Carboriferous rocks. ...oooeeei et i it 29
Structural geology ... «ocn i 29
Historical E0logy .« - .« v et onn ettt ettt 31
Underground circulation in the Ozark region.............. .. .. ... ... .. 33
Importance of theories of circulation............ ...l 33
The artesian circulation. ... ........ e 33
Flowing wells......ooooonim o e 37
Genesis of the 0res. .. ... ..o o i 38
General relations of the Joplin zinc and lead deposits.........c.c......... 38
Vertical distribution of the Joplin lead and zinc deposits................. 38
Historical outline of views of the origin of the Joplin ores. ............... 39
Chemistry of lead and zinc solutions..................... e 42
Nature of ore SOIULIONS. .+ « - v v rnieee e e e e eeee e eeeaeeennnns 42
Solution and transfer as sulphates................ ..ol 43
Solution and transfer as chlorides. .. ... ... .. .. ... ...l 46
Solution and transfer as sulphides and hydrosulphides............... 47
Solution and transfer as dispersed colloidal sulphides................. 50
Solution and transfer as zincates and sulphozincates................. 51
Solution and transfer as carbonates and bicarbonates................. 52
Formation of the carbonates and bicarbonates.................... 52

Solubility of lead carbonate in water containing carbon dioxide.. 56
Solubility of sphalerite and galena in solutions imitating the deep

117 - 57
Precipitation as sulphides_.... ... .. .. .. ...l 61
Precipitation by hydrogen sulphide........c..cooveviiiiiiiiit 61
Precipitation by thiosulphates..............coooiiiiiiiiiiaa.. 62
Precipitation by organic matter........ ... ...l 62

Summary of chemistry of lead and zinc solutions......ceeevvno oo 66

236913



4

CONTENTS.

Genesis of the ores—Continued.

Source of themetals.............................. ......

Metals in igneous Tocks. ...ooieiii et
Results of chemical analyses.................... PO
Solution of the metals from the crystalline rocks and their trans-

portation to the sea....... ...l L il
Deposition of disseminated metalsin oceanic sediments...........
Deposition in clays and calcareousmuds.....................
Deposition in dolomitic muds.............. .. .. ..o......
Metals disseminated in oceanic sediments........i....o.. .. ....
Origin of the metals in the oceanic sediments.....................

Metals disseminated in the rocks of the region........................ '

Metal content of the Archean rocks of Missouri..................
Metal content of the Cambrian and Ordovician dolomites..........
Metal content of the Mississippian limestones....................
Metal content of the Pennsylvanian shales.......................
Comparison of the metal content of different rocks................
ConcluBIoNS. . cvv e i

The (0= =10) 107 o) 11 O

Solutions in general. . ... . it
Geochemical interpretation of water analyses..................... -
Properties of natural waters.._..... ... ... ...l
Acidity, neutrality, and alkalinity of waters.................. .. ...

"Analyses of zinc-bearing and related waters............. ... ... L

Sources of information.........cooooi it
Foreign mineral waters.............cooooiiiiiiiiiiiiiiiiiiL.,
Mineral waters of Eastern, Central, and Southern States...........
Mineral waters of Kentucky ....................................

The occurrence of zinc in Kentucky mmeral waters, by A. M.

Well, spring, and mine waters of Mlssoun ...........................
Sprmg watersof Arkansas..........o.i it
Well and spring watersof Kansas................ ... ...
Well and mine watersof Oklahoma............ ... ... . ...
Well, spring, and mine watersof Colorado........................
Well, spring, and mine waters of Michigan, Montana, Nevada, and
California. v oveeeeiiieae i
Classification of zinc-bearing and related waters.................... ...
Synoptical outline of zinc-bearing waters. ..........................
Comparison of waters of interior and border wells of the Ozark uplift..

Segregation of the zinc and lead deposits of the Joplin region............

Conditions in Paleozoic time. . . ........coiiviviiiiii i,
Presence of zinc, lead, and copper in the rocks of the Ozark region. ..
Selective solution of the metals in the crystalline rocks.........
Selective precipitation of the metals in disseminated conchtlon in the
limestones forming on the sea loor. . . coeevnvnei i
Uplift near close of Paleozoic time.......... .. ... ... ... .. .....
Erosion of Pennsylvanian shale and establishment of artesian circula-

Character of the ground water of the region....................... ...
Selective solution of the metallic sulphides disseminated in the dolo-
mites and limestones of the central Ozark region and their transpor-
tation and segregation by the waters of the artesian circulation......

Page.
66
66
66

68
69
69
70
71
76
7
77
78
79
79
80
81
81
81
82
83
85
88
88
91
91
92

94
98
98
98
99
100

100
147 -
148
155
157
157
157
158

158
159

159
159



. CONTENTS. T 5

Page

Review of collateral corroborative evidence. .. ...cooooueimiiiiiinenaeaa.. 162

Ttems of the evidence. ...oveee e e et ieaeieieceeaeaee et 162

Reservoir sediments. . . ... o i 162

Results of analyses. . . . .c.oneniir ittt 162

Physical state of the transported Metals. ... 166

Suspended or colloidal particles.... ... . ... ... .... eeaens 166

Wind-blown particles. - .. o.oo i i 168
Deductions from analyses showing metallic content and ratios of the

metals in rocks, reservoir sediments, and ores. .................... 169

Rate of deposition of zinc in reservoir sediments............. ... ... 173

. Place relations of the zinc, lead, copper, iron, nickel, and cobalt deposits
to the pre-Cambrian nucleus and to the post-Carboniferous center of the

Ozark UPHft. . o oo 173

Association of the ores with dolomite and jasperoid..... ... ............ 178

Relations of the metals to the gangue minerals. ..................... 178

. Occurrence and formation of jasperoid. ... .......cccoovieiiiot. 179

Siliceous replacement of limestone. .. .... ... ......oiiciii.aa.... 180

Réle of colloidal silica in the formation of ]aspermd ................. 181

Occurrence and formation of dolomite. . ... . .............c.oo.... 183

Dolomite and jasperoid in the Aspen district, Colo. . ..........:..... 184

Spring deposits at Sulphur Springs, Ark........... ...l 185

Microscopic examination of deposits of sulphur springs, by H. E.

Merwin. .« .ot iiieiiaaeaaa 188
Comparison of action of surface and artesian waters in relation to the for-

mation of jasperoid and dolomite..... . .. ... ..ol 187
Absence of dolomite and jasperoid in Mississippian rocks beneath the

Pennsylvanian in other regions. . .......... ... ... ..illlL 191

(07051063 LT 10« VPR |

Relation of the Joplin ore deposits to the Chattanooga shale..........._.. 193

Ore deposits at the horizon of the Chattanooga shale................... 193
Absence of ore deposits, dolomite, and jasperoid above the Chattanooga

shale where that formation is continuous. .. ... ............. ... 196
Presence of ore, dolomite, and jasperoid along the Seneca fault within

the area underlain by the Chattancoga shale. ... . ... ... ........ 197

Heavier ore deposits at the northern margin of the Chattanooga shale. 198
Distribution of mining districts in a circle concentric with the inner edge

of the Pennsylvanian shale. ........ ... oiiiiiiiiiiiiiiiiiaiaa.s 200
Lead and zinc deposits at great depths. . ....... .. .oo.oiiil.lL 202
Ore deposits beneath Pennsylvanian shale...................... ... 203
Bitumen at the base of the Pennsylvanianshale ........................ 205
The Pleasanton Circle. -....o.vueoion ittt it 206
Galena and sphalente in Louisiana, salt mounds.........o.oiiiiiiiiian... 208
Lead and zinc deposits associated with other geanticlinal uplifts and

marginal slopes of the central valley of the United States.............. 211

Deposits in uplifted areasin the central valley. .. .................. 211
General conditions in the uplifted areas. . .................. ... 211
Wisconsin uplift. ... ... Ll 211
Cincinnati uplift........ Y RRRETCPECPEPESREPLPROTEPE e 212
Nashville uplift. . . o..o i i 212
Kentucky-Illinois fluorspar district. .. ......... ..ol 213
OQuachita uplift.....ooonn i i 217
Arbuckle Mountain uplift.........cc.ooaaiiao... M eeeetananaaas 217

’ - Llano uplift. ..e.eiiieiiieiiiaiiiiiineiiaanaa. Cherereccaneens 218



6 , CONTENTS.

Review of collateral corroborative evidence—Continued. Page.
JLead and zinc deposits associated with other geanticlinal uplifts and
marginal slopes of the central valley of the United States—Continued.
Deposits of lead and zinc associated with the eastern ma,rgmal slope of

the central valley............. .. ........ b ereeieieaeaan 218

g0 18Tt P 218

VIrginia. . . oot e 219

Pennsylvania. .. ..o o 220

New YorK. . ot 222

(07:5 1TV £ U 223

General occurrence of the ores in breccias. .. ... .. ... il 223

Constant inflow of mine water...........o.coiiiiiiiiiiiiiniaannanaan 225

Noncorroborative evidence.............cocooieiiiiiiiiaa... e ieeeaeanas 229

Vertical order of the sulphides. ........ .o oot 229

Vertical arrangement of lead, zinc, and iron sulphides in genersal. .... 229
Vertical order shown by chronologic record of mine output of open-

ground deposits. ... ... i 229

Vertical order of galena and sphalerite in cavities in the sheet ground. 235
Vertical order of galena and sphalerite in cavities in the open ground. 237
Ore bodies in breccia-filled cavitigs. . ......ooeuiioiiiiiiiiiann... 238
Vertical order of ore bodies beneath the Pennsylvanian shale......... 239
Lateral order of sulphides in sheet ground near the ‘‘Cornfield Bar”.. 240

Diffusion a greater factor than direction of flow. . ... .. ............ 241
Attempt to reproduce the vertical order expenmentally in a quiescent
703 1117 ) U 241
COnCIUSION. . . oeee et 242
Synthesis of iron and zinc sulphides.........ccooiiiiiiiiiiiiiiiia. 243
Quantitative tests of the artesian-circulation theory...............ceeeoana... 248
Sufficiency of S0UTCe. cv . un i it 248
Sufficiency of time for ore segregation. ....... ... ... ... .. ...l 249
Dilution of connate Water .............................................. 251
Enrichment. . ..ot iii ittt ettt aeaees 253
Extent of enrichment in the Joplin district. .......................ooo.. 253
Residual enrichment. . .« .conuiiiiniii ittt e 255
Oxide enrichment. . ................ e, 255
Sulphide enrichment. .« oc.vuu i 256
Processesinvolved. ... ..o oo 256
Greenockite films. . . v e ittt e 256
Galena films. .. .....ooooiiallll et 257
Covellite films. ... ..o i 258
Whrtzite crystals and stalactitic sphalerite. ... ...l 258
ConClUSION. .o\ e 264
Impoverishment. ... ... ... ... i e 265
" Practical bearing of theories of origin on exploitation of the deposits.......... 266
Importance of the subject........ .. ... ...l 266
Occurrence of ore beneath marginal Pennsylvanian shale ............... 266
Occurrence of ore above the Chattanocoga shale..... .. ................. 267
Occurrence of ore at the level of the Chattanooga shale. . ................ 268
Occurrence of ore in Kinderhook rocks..........c.ooioiiiiiiiiiiiae... 268
Occurrence of deep deposits of ore..........coooiiiiiiiiiiiiiiaLt 269
Possibility of igneous origin of theores. . .....cooeviiiii ot 269
e S 271



Prate I.
II.
III.

IV.

VL
VII.
VIIL.

IX.

XI.

Figuzre 1.

OO W N

©

10.

11.

12,

13.

14.

15.
16.

ILLUSTRATIONS.

Generalized topographic map of the Ozark uplift...................
Geologic cross sections of the Ozark uplift. . .. ....................
Geologic map of the Ozark uplift showing mining camps and reser-
voirs from which zinc and lead bearing sediments were obtained. .
Map showing deformation of southwestern half of the Ozark uplift
and location of flowing artesian wells. . . ... .. .. . .. ...l..

. Specimens of sphalerite and galena etched from beneath a crust of

marcasite and PYIite.. ... cuernieit it .
A, Specimen of jasperoid showing fine banding; B, Specimen of
crystallized chalcopyrite with parallel orientation on sphalerite,
from cavity in the sheet ground. . .......... ... .. . ...l
Map showing distribution of the metals about the Ozark uplift......
A, Micrograph of jasperoid, showing sphalerite and dolomite; B,
Micrograph of limestone beginning to alter to jasperoid...........
Chart of drill holes on the Granby Mining & Smelting Co.’s land at
Granby, Mo. ... oot eas

. Sketch map showing direction of artesum flow in the western part of

the Ozark uplift. . .. ... . L
Map showing relation of lead and zinc deposits of the eastern half of
the United States to uplifts and marginal slopes and to bordering
ghale formations. . ......cvecveerieeiieeiiereiaeanannn. i
Diagram showing artesian circulation. . ..........cocooiiiiaa. .
. Diagram showing early stage in Ozark artesian circulation... .. .-
. Diagram showing later stage in Ozark artesian circulation. ........
. Diagram showing still later stage in Ozark artesian circulation. . ...
. Diagram showing late stage in Ozark artesian circulation....... ..
. Map of Kentucky showing location of zinc-bearing wells and springs.
. Diagram showing solution, dissemination, and precipitation of
metals in Joplin region....... e tereeeeeaaa——————.

. Cross section of Belle Isle, La. .. . .. oooeiniiiiiiiia ...
. Diagram representing the adsorption concentration curve before

and after precipitation in breccias. ...............oiiiiilLL
Diagram showing vertical distribution of galena a.nd sphalerite in
the original ore deposits.......... S
Diagrammatic reworked ore body showing vertlcal distribution of
galena and sphalerite after erosion and solution of upper deposits.
Sketch illustrating occurrence of ““pockets’’ or cavities in the sheet
ground and the relation of galena and sphalerite in the cavities. .
Section of a cavity in sheet ground at the Underwriters’ Land Co.’s
Yellow Dog mine, Webb City, Mo..................oo ..
Galena over sphalerite in cavity in the Argosy mine, Spring City,

Galena over spalerite in the HalloweepZmine, Spring City, Mo....
Manner of occurrence of the ores in the Ruby Trust mine, Granby,
Mo e

44

172
176

178
194

198
202

35
36
37
93

161
" 208

224
231
233
235
236

238
238






PREFACE.
By F. L. RaNsoME.

The author of the present report has been studying the zine and
lead deposits of the Joplin region for the last 12 years, although his
work has not lain continuously in that field. His knowledge of these
deposits is consequently both intimate and extensive. It is usual in
presenting the results of an investigation to publish with the con-
clusions all the facts upon which the conclusions rest. Mr. Siebenthal
has not followed this plan. Having reached definite decisions on the
question of how the ores were deposmed he has deemed it best to put
these decisions and the significant facts on which they are based in
form for immediate publication. A full presentation of his evidence
will require an account of the general geology of the region, with
detailed descriptions of local tracts and individual mines. The prep-
aration of this descriptive material, which must necessarily include
many maps and illustrations, will require considerable time and some
additional field work. The data will be published as a volume
supplementary to the present report.

"The lead and zinc deposits of the Mississippi Valley are not only of
great economic importance, but have long been intensely interesting
to students of ore deposits. They constitute a conspicuous example
of the occurrence of sulphide ores in a region where, so far as can be
determined, plutonic or volcanic activities can have had no part in
their genesis.

Naturally the Joplin deposits have been much studled and Mr.
Siebenthal, on pages 39-41 of the present bulletin, has summarized the
views of his predecessors, among whom have been some very able
workers in economic geology. As he shows, there is not an important
formation in the region that has not, at one time or another, been
regarded as a source of ore constituents. Under these circumstances
it was scarcely to be expected that he would add to the number of
more or less reasonable hypotheses that had already been suggested
or developed in explanation of the origin of these ores. His particular
opportunity was that of testing these hypotheses by careful considera-
tion of a larger body of facts than was available to earlier workers, of
discovering new evidence in these facts, and, by processes of elimina-

‘tion, selection, and combination, of building up a consistent theory

of genesis for the ore deposits of the Joplin type.
. . 9



10 ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION,

Mr. Siebenthal has succeeded well in his undertaking. In his
thorough discussion of the artesiancirculation, of the zinc and lead
contents of the deep waters, and of the chemistry of the ore-depositing
solutions he has brought new and important evidence to the support
of his conclusions. Time alone can show whether these conclusions,
in their entirety, are final and whether the relative effects of deposition
by ascending and enrichment by descending currents have been truly
estimated. But there can be no doubt that Mr. Siebenthal’s careful
observation and cogent reasoning have gone far to establish on a firm
foundation the general conclusion that ordinary cold artesian water
may under some circumstances be a very efficient agent in the solu-
tion, transportation, and deposition of the constituents of certain
sulphide ores. - ’



OUTLINE OF THE ORIGIN OF THE ZINC AND LEAD
DEPOSITS OF THE JOPLIN REGION.

GEOGRAPHY.

The Joplin region is one of four metalliferous areas bordering the
Ozark uplift, which is a low asymmetric dome with rudely elliptical
outline, lying in southern Missouri, northern Arkansas, southeastern
Kansas, and northeastern Oklahoma. The other areas are the cen-
tral Missouri region, the southeastern Missouri disseminated lead
region, and the northern Arkansas region. :

The uplift as a whole is bounded by long, low northern and western
slopes and by an abrupt southern slope. The surrounding plains
have a general altitude of 500 to 750 feet above sea level. The
Boston Mountains form a long, narrow plateau rising to 2,000 feet
" near and parallel to the southern border of the uplift. The center of
the uplift has an elevation of about 1,700 feet. The St. Francis
Mountains, the crystalline nucleus of the uplift, near its eastern
border, also have an elevation of about 1,700 feet.

GEOLOGY.

Structurally the uplift is a broad geanticline in which the strata
have no perceptible inclination except at the southern margin, where
the Boston Mountains break off into a southerly dipping monocline.
Superimposed upon the uplift are quaquaversal domes, of which the
principal one is in the region of the St. Francis Mountains.

In the early history of the Ozark region parts of the crystalline
. rocks of the St. Francis Mountains were islands in an archipelago,
and their erosion furnished the material that formed the Cambrian

- and Ordovician sandstones, which, with that which formed the

associated dolomitic limestones, was spread out over Missouri and
the adjacent States east, south, and west. Silurian limestones and
shales were laid down on the southern and northeastern margin of
the Ozark region, but apparently in all the western part of the
region there was no Silurian sedimentation. During Devonian
time limestone was deposited on the northern and eastern borders
of the region and sandstone on the southern border. The principal
Devonian formation of interest in connection with the ore deposits
is the Chattanooga shale, which underlies a large triangular area in
northwestern Arkansas, southwestern Missouri, and northeastern
11
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Oklahoma. After the close of the Devonian period the Ozark region
was submerged and the Mississippian limestones were laid down
over probably the whole area. An elevation and a period of erosion
followed, during which the limestone land developed a sinkhole or
“karst” topography. This land was in turn submerged and upon
its irregular, bowldery, cherty surface was laid down a series of
shales and sandstones of Pennsylvanian age. It is in this basal
breccia that much of the “broken” or ‘‘confused-ground” ore
deposits are found. Until the close of Pennsylvanian time the crys-
talline area of the St. Francis Mountains was the structural and
stratigraphic nucleus of the Ozark region. At the close of the Car-
boniferous period the Ozark region was upraised almost to its present
height, the highest place coinciding closely with the geographic
center. The uplifted area has since been subjected to minor
warping only. ,
UNDERGROUND CIRCULATION.

When the covering of Pennsylvanian shale and Mississippian
limestone had been eroded from the crest of the uplift the sand-
stones and dolomitic limestones of the Cambrian and Ordovician
were exposed. As these rocks dip away on all sides and are overlain
on the flanks of the uplift by impervious shale the conditions essential
to artesian flow were fulfilled and an artesian circulation was con-
sequently developed, with intake area at the central portion of the
uplift, flow down the sides of the dome in sandy layers and between
the limestone strata, and ascending discharge at the inner margin
of the Pennsylvanian shale. As erosion removed the shale from
more and more of the dome the radial artesian circulation lengthened
and spread until the present conditions were established.

The quality of the water now in circulation is known from analysis
of waters from deep wells, but as the water has been in circulation
for a long period it must have undergone considerable change in its
quality. The water in the Cambrian and Ordovician rocks beneath
the Pennsylvanian shale adjacent to the uplift is largely connate
and should therefore better represent that of the original circulation
than does the present artesian water in the interior of the uplift. A
study. of the analyses of waters from the deep wells in the Pennsyl-
vanian area bordering the uplift in Missouri, Kansas, and Oklahoma
shows that they are alkaline-saline, with chlorides predominating
and with high magnesium content, and that they contain free carbon
dioxide and hydrogen sulphide. The original water of the Ozark
circulation must have been similar. The analyses also show that the

_waters of many of the deep wells exterior to the uplift contain
traces or weighable quantities of zinc, which precipitates as the
sulphide on standing in a reservoir.
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SEGREGATION OF THE ORES.

The large-quantity analyses made by J. D. Robertson show that
the pre-Cambrian crystalline rocks of the St. Francis Mountains, the
Cambrian and Ordovician dolomites, and the Mississippian limestone
all contain notable proportions of lead, zinc, and copper. Waters
charged with carbon dioxide dissolve the sulphides of the metals as
bicarbonates with the evolution of hydrogen sulphide, according to

this reaction:
ZnS + 2H,0 + 2C0, =Zn(HCO,), + H,S

The underground water in the Cambrian and Ordovician rocks,
charged with carbon dioxide, coming in contact with the dissem-
inated sulphides, dissolved them and liberated hydrogen sulphide.
The solution containing the dissolved metals and the free hydrogen
sulphide moved on down the side of the dome to the inner margin
of the Pennsylvanian shales, where it rose to the surface. In the
open, broken cavernous ground in the Mississippian limestones at
the base of the Pennsylvanian shales the solutions came nearly to
rest and the carbon dioxide escaped from its union with the metals,
which were precipitated as sulphides by the hydrogen sulphide yet
remaining in the solution. Though this was one of the simplest and
probably the chief method of solution, transportation, and deposition
of the metals, they may have been carried in part as sulphates, chlo-
rides, sulphides, hydrosulphides, or carbonates, and the zinc may have
been carried as zincate or sulphozincate. The metals were in some
places precipitated as carbonates or silicates by reaction with the
wall rock. Some ore has doubtless been segregated from the Missis-
sippian limestone, but for reasons stated below it is believed that
the greater part of the metals was drawn from the Cambrian and
Ordovician rocks.

COLLATERAL CORROBORATIVE EVIDENCE.

Items of the evidence.—In addition to the kinds of evidence set
forth in some detail below the report presents several others which
there is not here space to give at length, among which are the occur-
rence of the mining camps in a circle bordering the inner margin of
the Pennsylvanian shale, the occurrence of galena and sphalerite at
great depths, the general occurrence of the ore in breccias, the
occurrence of galena and sphalerite in a Louisiana salt mound, and
the occurrence of lead and zinc ores in the Pleasanton circle.

Reservoir sediments.—Twenty-one samples of reservoir or tank
sediment deposited from waters of fifteen different deep wells, most
of them in the Pennsylvanian area of Missouri, Kansas, and Okla-
homa, adjacent to the Joplin region, were analyzed and zinc was
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found in 18 samples, lead in 17 samples, and copper in 15 samples.
The following gives the average ratio of zinc to lead in the rocks
. analyzed by Robertson, the average ratio of zinc to lead in the
reservoir samples, and the ratio of zinc to lead in the total ore mined
in the Joplin region from 1907 to 1913, inclusive:

Average ratio of zine to lead in rocks, sediments, and ores.

Pre-Cambrian crystalline rocks.....co.oioiiiinr it iiiiaaanaan 1:0.440
Mississippian limestones. ........................... e e 1:1.107
Cambrian and Ordovician dolomites. ........ccooeieieeiieiiieaiaan.... 1:0.224
Reservoir sediments............ ...l 1:0.211
Total ore mined from 1907 to 1913, inclusive. . ......cveeurnrervnenennnn.. 1:0.229

The thesis of this report is that the ores were derived from the
Cambrian and Ordovician rocks and deposited by an ascending
artesian circulation of alkaline-saline waters containing free carbon
dioxide and hydrogen sulphide. The imetals of the reservoir sedi-
ments were certainly so derived. The close correspondence of the
ratios of zinc to lead in the Cambrian and Ordovician rocks, in the
sediments and in the ores, taken together with their discrepant ratios
in the crystalline rocks and in the Mississippian limestones, strongly
implies the common origin of the ores and the sediments.

Four analyses were made of sediment that had accumulated in the
course of a year in the reservoirs of the Pittsburg, Kans., water-
works. From these analyses it is calculated that there was deposited
in these reservoirs during the year 8% pounds of zinc sulphide. How-
ever, this was a very small part of the zinc contained in the known
total water pumped into the reservoir. - According to the average of
two analyses, the water contains one-half of 1 part per million of zinc.
This would make a total of 1,600 pounds of zinc, equivalent to 2,400
pounds of zinc sulphide, in the water pumped in the course of a year.

Place relations of the metals.—Gottschalk and Buehler have shown
that the sulphides of the metals, arranged in pairs in moistened con-
tact, exhibit differences of electric potential, and that the mineral
showing the lower potential is dissolved, while the other is unaffected.
The results of their experiments throw much light on the distribution
of the metals about the Ozark uplift. The nickel and cobalt ores of
Missouri occur near the crystalline nucleus, and the copper ores occur
along with these and also a little farther from the nucleus. The iron
ores, which have been derived from sulphide deposits, occur chiefly
in a circle about the crystalline nucleus. The greatest deposits of
lead are not far from the nucleus, and all the central part of the
uplift has produced more lead than zinc. The region that has pro-
duced more zinc than lead forms a zone around the margin of the
uplift.

PIf the metallic sulphides are finely disseminated through the Cam-
brian and Ordovician limestones, particles of different sulphides must
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at many places be in contact. Under such conditions the ground
water will dissolve first the sulphide of lowest potential, while the
sulphides not in contact will go inte solution in the order of their
solubility. As a result, the solution of sphalerite will be greater than
that of galena and the solution of both greater than that of copper,
and so on through the scale. And so, if the metals have been derived
from the crystalline rocks and from the Cambrian and Ordovician
limestones, we should expect to find, as we do in fact find, that the
copper, iron, nickel, and cobalt remain near the nucleus, that lead lies
near the nucleus and in the center of the uplift generally, and that
zinc is deposited around the margin.

It follows that the more recent circulation should carry more
copper and iron than the earlier. In consonance with this reasoning,
we find that chalcopyrite and pyrites are the latest minerals of the
ore deposits, and that there is considerably more copper in the
reservoir sediments in proportion to the zinc than there is in the
Cambrian and Ordovician limestones, and much more than there is
in the ores.

Association of the ores with jasperoid and dolomite.—The principal
gangue minerals and rocks associated with the ores are calcite, dolo-
mite, and jasperoid, the latter a siliceous rock formed by the meta-
somatic replacement of limestone. Calcite might easily have been
derived from the wall rock of Mississippian limestone, but as that
rock contains but little magnesium, that element would have to be
greatly concentrated to form dolomite. The relations of the jas-
peroid, dolomite, and ores show that all three were derived from
the same solution. The deep-well waters of the region, derived
from the Cambrian and Ordovician dolomites, contain much more
magnesium in proportion to the calcium than do the waters derived
from the Mississippian limestones or from the Pennsylvanian shale,
though they contain less silica. The deep-well waters resemble sea
water, which is the most common agent of dolomitization. These
waters are therefore probably the agents of dolomitization and sili-
ceous replacement, as well as of mineralization.

Relation of ore deposits to Chattanooga shale.—Throughout the area
underlain by the unbroken sheet of Chattanooga shale there are no
deposits of ore, dolomite, or jasperoid. On the other hand, along the
course of the Seneca fault, northeast and southwest of Seneca, Mo.,
there are deposits of ore, dolomite, and jasperoid as far as 8 or 10
miles within the area underlain by the shale, the solutions having
ascended through the fault zone.

The Chattanooga shale caps the southwestern axial prolongation
of the Ozark uplift. The water of the Cambrian-Ordovician circu-
lation, which flows southwestward down the axis, finds itself
impounded beneath this shale cap and can escape only by flowing to
the lateral margins of the shale, where it can rise into the Mississippian
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limestone above. The area underlain by the shale north of the axis
is larger than that so underlain south of the axis, and, moreover, the
north edge of the shale and the outlet are at a lower elevation than
the south edge; hence most of the flow and the larger territory to
be leached of its metals is north of the axis. The district between
the north edge of the Chattanooga shale and the inner margin of .
the Pennsylvanian shale is therefore favored by two circulations,
the one from beneath the shale to the south and the other the direct
circulation from the center of the dome. It is significant that the .
principal mining camps of the Joplin region are in this district. :

Ore and bitumen beneath the Pennsylvanian shale—The lead and
zing deposits at Miami, Okla., lie beneath 40 to 220 feet of Pennsyl-
vanian shale. The ore and the wall rocks at places contain much
bitumen, and the mine waters are charged with hydrogen sulphide.
Ore deposits are found also in Kansas, north of Miami and several
miles west of the eastern margin of the Pennsylvanian shale. Ore
has been struck in drilling deep wells in Kansas many miles from the
border of this shale. The mine waters charged with hydrogen sul-
phide are similar to the deep-well waters. The bitumen is inter-
preted as the residue of an oil that has lost the lighter saturated
hydrocarbons by fractionation in contact with shale. The fact that
this residue was left at the base of the shale indicates that the lighter
hydrocarbons escaped upward. The ore solutions can not have
been descending because the shale is impervious and practically no
surfacé water penetrates the mines. The mine waters, the bitumen,
and the ore deposits are therefore in accord in indicating ascending
currents.

Constant inflow of mine waters.—In the Miami district the deposits
are overlain by a thick, practically impervious cover of Pennsylvanian,
shale, as noted above. The region is nearly flat, and precautions are
taken to prevent surface waters from entering the shafts. The quan-
tity of mine water is remarkably uniform and is entirely without
seasonal Variation, increasing only with increase of depth and exten-
sion of mining. The character of the water, as noted above, indicates
its deep-seated origin, which is further shown by the regulanty of
supply. Without doubt there is similar deep-seated water in the
other camps of the region, but its character has been masked by the
larger influx of surface waters.

Geographic association of lead and zinc deposits of the eastern part of
the United States with geanticlinal uplifts and marginal slopes.—In

the central valley of the United States, in addition to the Ozark -

uplift with its four marginal mining districts, there are several areas
of low, flat uplift which offer the requisite structural conditions for
an artesian circulation, and the marginal slopes of all these uplifts are
marked by lead and zinc deposits. In the Wisconsin uplift of the
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upper Mississippi Valley region the lead and zinc deposits lie around
the inner margin of the Maquoketa shale. In the central part of the
Cincinnati uplift, in Kentucky, there are numerous veins of galena
with barite and fluorite gangue but without dolomite, and around
its periphery there are small deposits of zinc ore. In the Nashville
uplift, which is a southerly continuation of the Cincinnati uplift, the
same general conditions prevail. Barite and fluorspar are common

‘gangue minerals of the galena veins, but dolomite is absent.

In this report the suggestion is made that the lead and zinc ores
of the Kentucky-Illinois fluorspar district have in part been derived
from artesian circulating waters from the Cincinnati and Nashville
uplifts, which passed beneath the Carboniferous rocks of western
Tennessee and Kentucky and rose through the complicated faults of -
the low-lying fluorspar district. The central Kentucky well and
spring waters are zinciferous, as is shown by a great number of
analyses. The common occurrence of barite, the abundance of fluor-
spar, and the entire absence of dolomite show that these deposits are
related to the veins of the Cincinnati and Nashville uplifts. On the
other hand, the argentiferous character of the galena, the abundance
of fluorspar, and the occurrence of igneous intrusions in the region
suggest a connection between the ores and igneous activity. If this
connection can be established, it would seem that there is in this
region not a transition type of ore deposit but a juxtaposition of
types—one type due to normal artesian circulation and the other due

- to igneous action.

Ore deposits of minor importance occur on the flanks of the Ouachita,
Arbuckle, and Llano uplifts.

The lead and zinc deposits of eastern Tennessee and Virginia are
associated with breccia zones in dolomitic limestones. The region
is thrown into a series of long, parallel folds associated with thrust
faults, so that artesian circulation transverse to these structures is
necessarily limited. Nevertheless, Watson holds that the deposits
of both Virginia and eastern Tennessee are the result of an ascending
circulation of slight vertical extent, and Purdue expresses a similar
view concerning the Tennessee deposits.

Scattered deposits in Pennsylvania, New York, and Canada lie for
the most part in structural basins or on marginal slopes and are in
such position that they seem to be the result of a local artesian

circulation. ,
NONCORROBORATIVE EVIDENCE.

Vertical order of the sulphides.—In the ores first mined in the J oplin
region, which were naturally those nearest the surface, galena largely

predominated. In-any soft-ground mine the ore of which reaches
into the zone of oxidation galena is invariably the predominant

84551°—Bull. 606—15—2
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mineral in the upper ground. In a deposit in open, cavernous ground
below the zone of oxidation galena is generally in excess of sphalerite
in the upper part of the ore body and sphalerite is in excess in the
lower part, the iron sulphide increasing toward the bottom of the
deposit. These facts led Van Hise and Bain to conclude that the
present ore bodies are the results of extensive erosion and downward
sulphide enrichment. The same facts led Buckley and Buehler to
decide that the deposits are primarily the result of descending solu-
tions and that the vertical order represents simply the order of
solubility of the sulphides.

The conclusion reached in the present report is that galena pre-
dominates. near the surface or in the upper ground because the asso-
- ciated sphalerite has been leached away by reason of its greater solu-
bility, and that the increased proportion of zinc in depth is due partly
to the deposition as carbonate and silicate of the zinc removed in
solution from the upper part of the ore body and partly to the deposi-
tion in depth as sulphide of the zinc removed in solution from distant
ore bodies. It is believed that galena is found above sphalerite in
cavities because it is the habit of the two minerals to crystallize out
in that relation in cavities, and that this arrangement has no con-
nection with the order of deposition of the sulphides in descending
solutions. In fact, there can be no order of sulphide deposition by
descending solutions where the precipitant is present in excess, and
neither Bain nor Buckley and Buehler have postulated a lack of
reducing solution.

Synthesis of iron and zinc sulphides.—Dr. E. T. Allen and his asso-
ciates of the Geophysical Laboratory of the Carnegie Institution have
shown that pyrite and sphalerite are deposited from both acid and
alkaline solutions, but that marcasite and wurtzite are deposited
from acid solutions only, and they have further found that the lower
the temperature the less acid is required to yield a given quantity .
. of marcasite or wurtzite. Crystallized pyrite but no marcasite is

forming in sediment from the neutral or slightly alkaline water of
the springs at Sulphur Springs, Ark. The sulphides of the Joplin
region are galena, sphalerite, marcasite, and pyrite. Wurtzite has
been reported in small crystals from a single mine, where it is undoubt-
edly secondary and probably has been deposited by a descending acid
solution. Since, according to the experiments, marcasite is deposited
only from acid solutions and sphalerite and pyrite may be deposited
from such waters, it is'but natural to see reason in this for believing
that the Joplin ores must have been deposited from acid solutions.

Dolomite and calcite are common gangue minerals, and the Jop-
lin ores are so related to them as to show that they were deposited
from the same solution. The association of marcasite with ealcite,



OUTLINE OF ORIGIN OF THE ORES, 19

dolomite, and limestone is so well known that Allen was obliged to
" conclude that marcasite may be precipitated from solutions no more
acid than calcium bicarbonate solutions. The artesian circulation
was of this general character, perhaps at times slightly alkaline or
slightly acid, but did not vary far either way from neutral The ore
solutions were, therefore, not strongly acid.

o

QUANTITATIVE TESTS OF THE ARTESIAN THEORY—CIRCULATION.

Sufficiency of the source.—The total zinc content of ores in the
Ozark region mined to the end of 1912 is approximately 3,250,000
tons. For the purpose at hand we may allow as much more for
future mining. As the losses in mining and milling in the Joplin
district are about 50 per cent, this would give 13,000,000 tons as the
original zine content of ores mined and to be mined. We may allow
twice as much more for the zinc in deposits which are too lean to -
work or which may never be discovered, making a total of 39,000,000
tons of zinc that has probably been leached from the Cambrian and
Ordovician limestones. By figuring the volume of the Cambrian
and Ordovician dolomitic limestones that might yield their metals
to the artesian circulation and multiplying by the average metal
content shown by Robertson’s large-quantity analyses we find that the
possible supply is more than a thousand times the total given above.

Sufficiency of time for the ore segregation.—Using as factors the
volume and porosity of the Cambrian and Ordovician dolomites and
the average zinc content of the circulation as determined from
~ analyses of deep-well waters from Pittsburg, Kans., and Claremore;
Okla., we get a zinc content of 3,000,000 tons in the water contained
in the pores and interstices of the Cambrian and Ordovician rocks
of the dome inside the Pennsylvanian border. To transport 39,000,000
tons of zinc the pore water would require to be changed 13 times.
The average radial path pursued down the dome is about 60 miles,
so that the total distance traveled would be 780 miles. By Slichter’s
formula we may calculate the rate of flow down the dome through
the St. Peter sandstone as about 6.8 feet per year. Taking 5 feet as
a fair rate and allowing for the expansion of the artesian area by
erosion of the shale, we find that the time required to change the
pore water 13 times would be 1,600,000 years, which is apparently
not in excess of the time actually available.

Dilution of connate water.—If salt water be dlluted to twice its
‘volume 13 times in succession the solution will have only 5 of its
original strength. When the Cambrian and Ordovician rocks were
laid down in the sea the pore spaces were filled with sea water. If,
as seems true, these rocks were never exposed to general subaerial
erosion until the elevation of the Ozark uplift and the removal of
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-

the Pennsylvanian and Mississippian formations, then the 13 changes
of pore water should start with a solution having about the consti-
tution of ocean water. If we divide the mineral content of ocean
water as found by Dittmar by 8,192, and compare the result with the
average mineral content of 13 deep-well waters in the Joplin area,
we find that the well waters have 9 times enough of the alkali metals,
290 times enough of the alkaline-earth metals, 3 times enough of
chlorine, and 44 times enough of sulphate. The diluting waters nat-
urally add alkaline earths and sulphate, and possibly a little of the
alkali metals and chlorine, but the fact that the alkali metals and the
chlorine agree so well with the calculated dilution of gy seems to
. indicate that the calculated dilution of the connate pore water was
about of the order indicated.

ENRICHMENT.

Though difference of opinion exists as to the extent of sulphide
enrichment, there is no question that residual enrichment and oxide
enrichment have contributed greatly to the value of many of the
ore bodies of the district. In residual concentration the ore body is
enriched by the solution and removal of the more soluble constitu-
ents, whether metals or gangue. Galena, owing to its greater resist-
ance to weathering and solution, has been more generally so enriched,
but for the same reason the oxidized ores cerusite, smithsonite, and
calamine have also been enriched by this method, which doubtless
was an important agency in the formation of the rich shallow deposits
that were worked in the early days of mining.

Owing to the prevailing geologic conditions of transportation and
deposition of the metals in the district, it is exceedingly difficult to
distinguish in general between primary and secondary deposits.
Nevertheless undoubtedly secondary sulphides have been recognized
in the district. These are greenockite films upon ore minerals and
gangue below the water level, galena and covellite films upon and
penetrating sphalerite along cleavage planes, and stalactitic sphalerite
with intergrown galena, surmounted by small wurtzite crystals. As
a whole the recognizable secondary enrichment is inconsiderable.



ORIGIN OF THE ZINC AND LEAD DEPOSITS OF THE
JOPLIN REGION, MISSOURI, KANSAS, AND OKLAHOMA.

By C. E. SIEBENTHAL.

INTRODUCTION.
FIELD WORK.

The writer spent the field season of 1902-3 as assistant to W. S. T.
Smith in a geologic survey of the Joplin district, concerning himself
chiefly with the stratigraphy and the structure. The results of that
survey were published in the United States Geological Survey’s Joplin
district geologic folio (No. 148). During the field season of 19067
he was employed in a geologic survey of the Wyandotte quadrangle,
adjoining on the southwest the area covered by the Joplin district and
lying partly in Missouri but mostly in Oklahoma. A short season in
1910 was spent in a further investigation of the ore deposits of the
Wyandotte quadrangle and in a study of some of the deeper deposits
at Joplin. Another short season,in 1913, was spent on the ore depos-
its of the Wyandotte quadrangle, particularly in studying the recent
developments at Miami.

ACKNOWLEDGMENTS.

It is not easy to give credit in exact measure to each source of
assistance where everything known to the writer as bearing on the
subject has been laid under contribution. It is believed that the
responsibility for the various parts of the Joplin folio is made clear
therein. The ideas of artesian circulation set forth in that report
are reiterated in this paper. The writer regards as original to this
paper, first, the recognition of the limits of the Chattanooga shale and
the consequence thereof upon the artesian circulation; second, the
theoretical linking together, as deposited -by artesian circulating
waters, of the lead and zinc deposits with the iron deposits of the
central uplift region; and third, the discovery of the general occur-
rence of lead and zinc in the artesian waters of the bordering Penn-
sylvanian rocks and the sediments deposited from those waters.
He hopes that something has been added to the knowledge of the
chemistry of lead and zinc solutions by the experimental work herein
recorded, and that the large collection of analyses of zinc-bearing

21
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waters, together with their characterization and discussion, will be
useful.

In the chemical part of the paper the author has received much
help which it is a pleasure to acknowledge. Prof. W. George Waring,
of Webb City, Mo., made several analyses of waters and a number of
analyses of reservon' sediments especially for this paper and furnished
copies of many other analyses of waters and ores of the district, made
in the course of his professional work. Prof. A. M. Peter, of the
Kentucky Agricultural Experiment Station, contributed the section
of this bulletin entitled ““Zinc in Kentucky waters,” and his work has
.been further used in the tables of analyses. Prof. W. P. Headden,
of the Colorado Agricultural College, furnished several analyses, some
unpublished, of zinc-bearing waters of Colorado. Prof. E. H. S.
Bailey furnished notes on the artesian water at Pittsburg, Kans.
Prof. H. A. Buehler, State geologist of Missouri, kindly furnished the
laboratory results of four analyses appearing in a chapter by the late
Dr. E. R. Buckley in “Types of ore deposits.” - Mr. George L. Heath,
chemist of the Calumet & Hecla Smelting Works, furnished analyses
of underground waters in the deep copper mines of Michigan. Dr.
H. E. Merwin, of the Geophysical Laboratory of the Carnegie Institu-
tion, furnished the note on the microscopic study of the sediments of
the springs at Sulphur Springs, Ark., which is incorporated in this
bulletin, and together with Dr. E. T. Allen of the same institution, has

. conferred with the writer regardmg the precipitation of the sulphides
of the metals. ‘ .
~ Mr. Chase Palmer and Mr. Herman Stabler, of the United States
Geological Survey, as responsible authors of the scheme of interpreta-
tion of water analyses herein adopted, have been freely consulted,

-and in particular Mr. Palmer has been a constant source of help in
the study of the chemistry of the ore solutions. Mr. Roger C. Wells,
of the United States Geological Survey, made the experimental
studies of the solubility of sphalerite in the presence of calcite ap-
pearing herein and has given generously of his time to helpful dis-
cussion of the problems touching the side of physical chemistry.
Mr. E. C. Sullivan, while connected with the United States Geological
Survey, made the determinations of the relative solubilities of the
bicarbonates of lead and zinc as compared with the carbonates of

- those metals. :

The laborious and tedious task of recalculating the large number
of water analyses to the geochemical form has been conscientiously
performed by Mrs. Marion L. Clark.

Among those who furnished analyses, samples of water, or sam-
ples of sediment are Messrs. J. N. Wells and Benjamin Cuthbertson,
superintendents of the Pittsburg Water Supply Co., Pittsburg, Kans.;
J. P. Gooch, superintendent of waterworks at Vinita, Okla.; W. T.



U. S. GEOLOGICAL SURVEY DEPARTMENT OF THE INTERIOR BULLETIN 606 PLATE |

L i 1 i 1 |O ,BOMILES

GENERALIZED TOPOGRAPHIC MAP OF THE OZARK UPLIFT,

Contour interval 250 feet.



THE OZARK UPLIFT. - 23

Whitaker, of Pryor Creek, Okla.; F. H. Hawkins, superintendent. of
waterworks at Columbus, Kans.; J. T. Marsh, manager of the Clinton
Light & Power Co., Clinton, Mo.; W. E. Blackwell, chief engineer of
Afton waterworks, Afton, Okla.; L. C. Church, Miami, Okla.; Charles
Strong, chief engineer at State Hospital No. 1, Fulton, Mo.; D. K.
Greger, Fulton, Mo.; W. J. Warner, manager of the Belcher Water
Bath & Hotel Co., St Louis, Mo.; W. O. Buck, superintendent of
United States FlSh Hatchery, Neosho, Mo.; C. E. Wells, Sulphur
Springs, Ark.; R. D. Silver, St. Charles, Mo.; C. J. Light, Lanagan,
“Mo.; and others. A .
THE OZARK UPLIFT, 4
GEOGRAPHY.

The Ozark uplift is a low asymmetric dome with rudely elliptical
outline, lying in southern Missouri, northern Arkansas, southeastern
Kansas, and northeastern Oklahoma. It is roughly bounded on the
north and northeast by Missouri and Mississippi rivers, on the west
by Spring and Neosho (Grand) rivers, on the west and south by
Arkansas River, and on the southeast by Black River and some of
its tributaries. To the north and west it merges into.the Prairie
Plains; to the east and southeast it passes into the low-lying Gulf
Coastal Plain; on the south it is separated from the Ouachita Moun-
tains by the va]ley of Arkansas River. The uplift as a whole is a
table-land bounded by long, low northern and western slopes whose
inclination is generally imperceptible to the eye, and for much of
its extent by an abrupt southern slope facing the open valley of
Arkansas River. Near and parallel to its southern margin the
uplift culminates topographically in the Boston Mountains, a long,
narrow plateau rising to an elevation of 2,000 feet. The plains that
surround the uplift have a general altitude of 500 to 750 feet. The
central portion of the Ozarks is an upland lying somewhat below
the crest of the Boston Mountains. These features are well shown
in the accompanying generalized topographic sketch map (Pl. I).

The erosional forms throughout most of ‘this area are those char-
acteristic of an early mature topography in a region of nearly flat-
bedded rocks of varying degrees of hardness, the dip of which differs
but slightly from the general surface slope. The entire northern
slope of the uplift consists of a succession of broad plateaus. Over
much of the region, especially the northern and western slopes,
these broad uplands are cut by moderately shallow, open valleys,
whose depth does not exceed a few hundred feet. Toward the south
and east the dissection is greater, the forms are more rugged, and the
plateau character is somewhat less evident, especially near the east
end of the Boston Mountains. The dramage of the uplift is radial,
many streams ﬂowmg outward to the marginal rivers. Of these
streams Spring River is the largest in the Joplin region.
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AREAL GEOLOGY.

Pre-Cambrian rocks.—Van Hise and Leith! describe the pre-Cam-
brian rocks of southeastern Missouri as pre-Cambrian islands sur-
rounded by Cambrian sediments. The pre-Cambrian system consists
mainly of granites, felsites, porphyries, and porphyritic breccias.
At Pilot Knob and in the adjacent area are found water-deposited
rocks which comprise porphyry conglomerates, fine-grained beds
of the same character, and well-bedded iron ores and ferruginous
slates. The porphyry sediments and the iron-bearing rocks are
interbedded in such a way as to suggest a deposition under water
of nonfragmental iron-formation material similar to that in the Lake
Superior region, this deposition being interrupted by the accumula-
tion of volcanic material which itself was to a considerable extent
worked over by water. The iron ores found at Iron Mountain occur
largely as great irrégular masses and veins in the porphyry and may
be of different origin. The relations of the pre-Cambrian sediment-
ary rocks to the massive granites and porphyries are not known.
The unaltered horizontal Paleozoic rocks rest on the deeply eroded
crystalline rocks, the conglomerates adjacent to Pilot' Knob and
Iron Mountain containing numerous bowlders of iron ore.

Cambrian and Ordovician rocks.—The oldest Cambrian formation
in southeastern Missouri is the Lamotte sandstone, which is the
basal formation overlying the crystalline rocks in the disseminated
lead district. The lower part of the formation is conglomeratic,
containing pebbles and bowlders of the pre-Cambrian crystallines.
The Lamotte sandstone occupies the depressions in the higher por-
tions of the pre-Cambrian nucleus and also in the basins dipping away
from it. This sandstone in depth holds water under strong arte-

"sian pressure, so that in drilling in the mines care is taken to avoid

penetrating it, and when it is penetrated the holes are plugged to
prevent the artesian flow from rising into the mines. Overlying the
Lamotte sandstone is the dolomitic Bonneterre limestone, in the
lower part of which the disseminated lead ores are chiefly found. -
In the shaly beds of transition from the Lamotte sandstone below
to the Bonneterre limestone lead ore is also found; but here the
galena is usually more or less mixed with the sulphides of iron,
copper, nickel, and cobalt.

Above. the Bonneterre limestone there are several other formations
of dolomitic limestone, shale, and sandstone, among others the Potosi,
Gasconade, Roubidoux, Jefferson City, St. Peter, Joachim, and
Kimmswick formations, all belonging to the Cambrian and Ordovi-
cian systems. The St. Peter sandstone, of Ordovician age, is the

1Van Hise, C. R., and Leith, C. K., Pre-Cambrian geology of North America: U. S. Geol. Survey BulL
360, pp. 740-741, 1909,
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uppermost of the three “Saccharoidal” sandstones of Swallow, which
are shown in the structure sections (Pl II).

Silurian rocks.—Formations of Silurian age are found on the south-
ern and northeastern borders of the uplift, but they.are wanting in
all the western part of the Ozark region and hence need not be here
considered.

Devonian rocks.—Limestones of Devonian age are found along the
northeast quarter of the border of the uplift. On the southern
border of the uplift there are interrupted outcrops of the phosphate-
bearing Sylamore sandstone member of the Chattanooga shale. The
chief Devonian formation of interest in connection with the ore
deposits of the Joplin region is the Chattanooga shale. This forma-
tion underlies the Mississippian rocks and forms an apparently con-
tinuous sheet throughout that part of the uplift southwest of a line
drawn through Granby and Cassville, Mo., and Eureka Springs,
Ark., as shown by the stippled area on the map (Pl. IIT), on which
the heavy black line represents the outcrop of the shale and the
light line represents its horizon where it is absent. The stippled
area shows where the shale is present, though covered by other
formations; in other words, where it is capable of preventing the
ascent of the Cambrian-Ordovician circulation into the Mississippian
rocks. In this area wherever the drainage has cut deep enough to
expose the horizon of the Chattanooga shale, that formation has
always been found. Although the border of the underlying shale
body may not be as smooth as indicated on the map, nevertheless
that line must closely approximate the margin of the formation.
The shale was struck in deep wells at Centralia, Welch, and Peoria
in Oklahoma, and at Seneca, Neosho, Granby, and Exeter in Mis-
souri. Itis absent at Miami and Quapaw, Okla., at Joplin,.Carthage,
Wentworth, McDowell, Aurora, and Springfield, Mo., and in some
drill boles at Granby, Mo., indicating that the latter place is just on
the border of the shale. The presence or absence of the shale at the
~ places just mentioned fixes rather closely the location of the margin
of the formation. In the vicinity of Kureka Springs, Ark., the
tributaries of White River h- 7e cut below the horizon of the shale,
so that its exact limits can be letermined. From this region the
southern limit of the formation seems to bear southwest by Fayette-
ville, Ark., to the Oklahoma line, near the village of Morrow.
Farther southwest, from this point to Arkansas River, tI' > limit of
the shale is determinable from several exposures of its hor :on along
the valley of Sallisaw Creek. In this area underlain by the Chatta-
nooga, the shale reaches its maximum thickness—more than 90
feet—on Neosho (Grand) River, at the mouth of Honey Creek and

near Spavinaw village, from which locality it thins away in all direc-
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tions, northward to 5 feet at Seneca, westward to 40 feet at Clare-
more, southward to 20 feet at Marble, and eastward to 60 feet at
Noel, and to 12 feet north of Eureka Springs.

Outcrops of the Chattanooga shale are mapped on Sac River north
of Springfield, Mo., and it is reported to have a thickness of 7 feet in
the Pennsylvania shaft near Ash Grove, indicating an area of the
shale in that vicinity. Another area of the Chattanooga, southeast
of Springfield, is mapped from outcrops on the tributaries of James
Fork. A third small area is mapped from exposures in the vicinity
of St. Joe, Ark.

It is evident from the attenuated margin of the shale and its dis-
continuous outcrop that it either never extended much farther up
on the Ozark dome or that, if it once did so extend, it has since been
removed by erosion. In either'event it was not present to separate
the Cambrian-Ordovician and Mississippian underground circula-
tions over the larger part of the uplift.

Mississippian rocks—The Mississippian series, more particularly
the lower part of it, comprising the rocks of Osage and Kinder-
hook age and excluding the shales and sandstones (Chester group) of
the upper portion, varies from 200 to 350 feet in thickness. The
thickness in detail is: In Arkansas, at Batesville 250 feet, at Yellville
325 feet, at Fayetteville 325 feet; in Oklahoma, at Tahlequah 300 feet,
at Fairland 340 feet; and in Missouri, at Joplin 350 feet, at Spring-
field 300 feet, at Sedalia 200 feet, in Moniteau County 190 feet, at
St. Louis 670 feet. These thicknesses, regularly disposed about the
margin of the uplift, indicate a much greater former extension of
the Mississippian upon the dome, and in fact Nason reports lower
Carboniferous (Mississippian) fossils in limestone in a collapsed cave
within 20 miles of the crystalline nucleus of the uplift. Itis probable,
however, that this inner extension of the Mississippian was consid-
erably attenuated.

In the Joplin region the whole vertical section from the base of the
Chester rocks to the underlying Chattanooga shale is included in the
Boone formation. About 100 feet below the top of the Boone there
is a stratum of oolite, from 2 to 8 feet thick, which has been named
the Short, Creek oolite member.  This oolitic limestone occurs through-
out the Joplin district quadrangle and the eastern half of the Wyan-
dotte quadrangle and has been found also at Granby, Aurora, and
Springfield, Mo., and near Harrison, Ark. Although, perhaps, not
persistent throughout this entire area, it is nevertheless a useful
stratigraphic datum plane. That part of the Boone above the
‘oolite consists of limestone and light-colored chert interbedded. At
some places, as at Carthage, the limestone not far above the oolite is
massively bedded and the chert is very subordinate in amount and
is confined to the partings between the limestone beds. The Carthage -
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quarries are at such a place. A hundred feet below the Short Creek
oolite the Grand Falls chert member comes in, with a thickness of
25 to 40 feet or so. At this horizon the Boone. generally contains a
great deal of light to dark blue chert, interstratified with drab to
bluish fine-grained limestone. At Grand Falls, on Shoal Creek just
south of Joplin, the original chert constituted perhaps two-thirds of
the total mass and the remaining third was limestone, which has been
replaced for the most part by jasperoid. This replacement has con-
verted the cherty beds into a massive resistant ledge known as the
Grand Falls chert member, and in these rocks are found the deposits of
sheet ground ore in the vicinity of Joplin, Carl Junction, and in the
area from Oronogo to Duenweg. The Grand Falls chert is reported
to occur at places in the bluffs of Shoal Creek as far southeast as
Granby. Between the Short Creek oolite and the Grand Falls chert
the rocks consist of interstratified chert and limestone similar to the
chert and limestone above the oolite, and in this, as in that series, there
is usually a development of massively bedded limestone with little
chert which here is not far below the oolite. In places on the outcrop
these heavy beds of limestone seem to merge into one massive ledge
without apparent parting. Such ledges have been quarried at the
Joplin limekiln quarry and test openings have been made in others
west of Grand Falls and northwest of Galena. Below the Grand Falls
chert there is a series of limestones and lighter cherts, which weather
chalky and are very irregularly bedded at places, especially where
exposed in the southern part of the Wyandotte quadrangle. Toward
the north the limestone of this series becomes shaly in part, forming
the bluish shale or shaly limestone which is struck in the deep wells
about Joplin and which was described from the Mystic shaft south-
west, of Joplin.! Farther east this characteristic becomes still more
pronounced, until, in the vicinity of Aurora, just above the base of
the series, there is a considerable thickness of fine-grained bluish
shale, in places breaking into massive slabs, which stain yellow.
This shaly portion is locally ore bearing and has been mined at
Springfield, McDowell, Aurora, Stotts City, southwest of Joplin, and
at Hornet, Mo., and near Galena, Kans. At the base of the forma-
tion, just above the Chattanooga shale, there has been distinguished
in the Wyandotte quadrangle and to the south and east the St. Joe
- limestone member, from 12 to 30 feet or more in thickness, consisting
of massive limestone, which is practically without chert and which
usually forms a projecting ledge, owing to the erosion of the shale
beneath.

The formations of the Chester group are well developed along the
southern margin of the uplift and extend northward along the western

18mith, W. 8. T., and Siebenthal, C. E.,, U. S. Geol. Survey Geol. Atlas, Joplin district folio (No. 148),
p. 2, 1907, reprinted 1914. .
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margin to the southern line of Kansas. In the vicinity of Joplin
the Chester rocks, corresponding approximately to the Batesville
and Fayetteville formations, occur in sink-hole depressions. These
rocks have been described in the Joplin folio as the Carterville forma-
tion. Such outcrops are known also at Granby and Aurora. In the
Wyandotte quadrangle the Boone is overlain, slightly unconformably,
by 20 to 40 feet of crystalline flaggy limestone, which is in places
heavy bedded and massive, is in part oolitic, and is free from chert.
This limestone grows arenaceous toward the top and is succeeded by a
calcareous sandstone that on the weathered outcrop is a characteristic
sandstone containing fossils which show that it is to be correlated
with the Batesville sandstone. At Miami, Okla., the ore deposits
first worked were found in this sandstone where it had been let down
upon the Boone owing to the solution and removal of the underlying
limestone, the bed between the sandstone and the Boone. Overlying
the sandstone there is a black fissile unfossiliferous shale which in
places, especially toward the north, gives way to a soft, drab clay
shale, crowded with the charactenstw fossils of the Fayetteville for-
mation. Overlying the shales are limestones which also contain
Fayettevﬂle fossils and are generally in part oolitic. The formation
is nearly everywhere Topped with reddish sandstones, presumably
equivalent to the Wedington sandstone member of the Fayetteville
formation, described in the Fayetteville folio.!

Pennsylvanian rocks.—The formations of the Pennsylvanian series
of the Carboniferous follow the Chester rocks conformably along the
southern border of the uplift. On the western border, however,
there was a warping and tilting of the western part of the uplift by
which the southern portion was elevated and the northern portion
depressed and which caused the Pennsylvanian to transgress far
upon the dome, as already described by the writer.2 The trans-
gressing formation, the Cherokee shale, in Oklahoma, Kansas, and
Missouri, is thus younger in age than the Pennsylvanian formations
bordering the uplift on the southern and southwestern margins.
When the transgressed limestone area was land, before the deposition
of the Cherokee, it was subjected to erosion and solution with the
result that a karst topography was developed over most of the area.

Upon this karst surface the shale was laid down, filling up the sink holes
and closed valleys and spreading far over upon the dome, its contact
with the underlying Mississippian rocks being what the writer * has
elsewhere called a solution unconformity, marked by a basal breccia
instead of a basal conglomerate. Afterward, when the main body of

1 Adams, G. I, and Ulrich, E. O., U. S. Geol. Survey Geol. Atlas, Fayetteville folio (No. 119), 1905.

2 Siebenthal, C. E., Mineral resources of northeastern Oklahoma: U. 8. Geol. Survey Bull. 340, pp.
190-192, 196, 211-213, 1908.

8 Smith, W. 8. T., and Siebenthal, C. E., U. 8. Geol. Survey Geol. Atlas, Joplin district folio (No. 148),
pp. 8,9, 1907.
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shale was carried away by erosion, which extended down to the level
of the limestone, the shale in the sink holes and depressions remained
as ‘“‘roots” of the former deposits, and these constitute the sink-hole
shale patches which dot the upland part of the dome, and many of
which contain thick beds of coal. Patches of shale have been

" reported in Crawford, Phelps, and Dent counties witlfin a few miles
of the crystalline nucleus of the Ozark area, and the sediments laid
down in the Pennsylvanian sea undoubtedly covered the dome with
deposits of shale and sandstone well up to the pre-Cambrian center.
It is in the “basal breccias’ at the contact of the shale and the lime-
stone that the ‘“open-ground” or ‘““confused-ground” deposits of
lead and zinc ore are found in the Joplin region.

The Pennsylvanian rocks are chiefly shales, though they include
interbedded sandstones -and limestones, and this statement is true of
the older Pennsylvanian formations, which outcrop along the Arkansas
border of the uplift as well as of the Cherokee shale, which outcrops
on its west and north sides. The essentially shaly. character of these
formations is here emphasized, as it is indispensable to the contention
that the Pennsylvanian rocks form an effective cover for the artesian
water circulating through the dome.

Post-Carboniferous rocks.—The Tertiary and Quaternary rocks of
the Mississippi Embayment overlap the uplift on its southeastern
border. Earlier gravels are found on the uplands over most of the
dome and later gravels are found on terraces in the valleys of the
larger streams, but these formations are of interest principally for
their record of the physiographic history of the region in post-
Carboniferous time, so that it will not be necessary to describe them
at this place. :

STRUCTURAL GEOLOGY.

The Ozark uplift is a broad geanticline in which the strata havelocal
dips though their general inclination is imperceptible except at the
southern margin, along the south side of the Boston Mountains, where
the level-bedded strata that make up these mountains break off into a
southward-dipping monocline. The broad essential structure of the
uplift is shown in the two horizontal cross sections forming Plate IT,
which is modified from diagrams prepared by Buckley.! These sec-
tions show plainly that the uplift reaches its structural culmination
near the center of the area bounded by the outcropping Pennsyl-
~ vanian shales. The north-south arching of the uplift is also shown
by the relations of the outcrops of the Cambrian and the Ordovician -
rocks to the topography—in the way these outcrops in the valleys of
the southward flowing streams rise up as they approach the center of
the uplift.

! Buckiey, E. R., Lead and zinc deposits of the Ozark region: Types of ore deposits, p. 129, 1011.
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Superimposed upon the geanticline are faults, folds, and quaqua-
versal domes. The region of the St. Francis Mountains, the crystal-
line nucleus of the uplift, has, in some sort, a quaquaversal structure.
The Cambrian rocks, which surround the crystalline rocks, dip away
from them on all sides and display a synclinal structure between the
crystalline arefs. A small area in Crawford County * is described as
composed of rocks showing quaquaversal structure. A small area in
Camden County known as the Decaturville dome ? has a nucleus of peg-
matitic granite, about which the Cambrian and Ordovician rocks dip
away on all sides. Other quaquaversal structures upon the Ozark
dome are shown on the map forming Plate IV. This map has been
greatly generalized, partly for simplicity but mainly owing to the ab-
sence of detailed mapping over much of the area. It is offered as a
preliminary map only, showing the structure of the southwestern half
of theuplift, but it is believed to present afairly true picture of themain
structural features of that part of the Ozark region. The structural
contours are based. upon the upper surface of the Chattanooga shale,
or where that is lacking upon the contact of the Mississippian with
the lower rocks. It is thus the result of an attempt to reproduce
the present contour of the surface on which the Carboniferous rocks
were laid down. The culmination of the uplift as shown is in or
about Wright County, but the map shows also another interesting
area almost as pronounced. This upraised area appears to be the
culmination of an anticlinal fold extending northwestward to Joplin
from a point 50 miles southeast of Berryville. In the Joplin district
geologic folio the writer has described the plunging north end of this
fold as the Joplin anticline. As a result of the existence of this
upraised area near Berryville, the axis of the southwestern prolonga-

‘tion of the uplift is shifted much farther southward than a study

_of the areal geology would indicate. From the culmination of the
‘uplift in-Wright County the axis-extends southwestward to the Berry-
ville area and then swings nearly due west to the western border of
the uplift. The relation of this southerly location of the axis to the
ore deposits of the Joplin district is discussed on page 199.

The folds and faults in northern Arkansas have been discussed by
Hopkins * and Branner.* Their trend is in the main north of west,
paralleling rather closely the north face of the Boston Mountains.

1 Hughes, V. H., Reconnaissance work: Missouri Bur. Geology and Mines Biennial Rept. of State geolo-
gist to Forty-sixth General Assembly, pp. 48-54, 1911.

2 Winslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol. 7, pp. 432-434, 1894, Shepard,
E. M., Spring system of the Decaturville dome, Camden County, Mo.: U. S. Geol. Survey Water-Supply
Paper 110, pp. 113-125, 1905.

8 Hopkins, T. C., Marbles and other limestones: Arkansas Geol. Survey Ann. Rept. 1890, vol. 4, pp.
401417, 1893.

¢ Branner, J. C., The zinc and lead region of north Arkansas: Arkansas Geol. Survey Ann. Rept, 1892,
vol, 5, pp. 36-63, 1900.
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Toward the west, the Walnut Ridge fold and fault bears northwest-
ward and comes into general alignment with the folds and faults
of Greene County, which have been described in some detail by
Shepard.! In the Joplin district folio the present writer has described
the Joplin anticline, which passes through Joplin with a north-
westerly trend. In another publication? he has described the Horse
Creek anticline, which extends from a point south of Vinita, Okla.,
in a direction north of east for about 30 miles, and also the Seneca
fault,in the same region, in general double, letting down a block 200
to 1,500 feet wide and more than 70 miles long, with a maximum
displacement of 125 feet. Doubtless there are numerous folds and
faults throughout the central region of the uplift, but that territory
has been explored only by rapid reconnaissance surveys and not much
of the detail of its structure is known. = Farther east, in Washington
and St. Francois counties, there are faults of very considerable throw
and extent, which have been mapped and described by Buckley.?

HISTORICAL GEOLOGY.

In Cambrian and Ordovician time the crystalline rocks of the St.
Francis Mountains formed & rugged archipelago and their erosion
furnished in part the material making up the ‘‘First,” ‘“Second,”
and “Third”’ sandstones of Swallow, which, with the associated lime-
stones, were spread out over Missouri and the adjacent States east,
south, and west. At the close of Cambrian and Ordovician sedi-
mentation the Ozark area was lifted slightly above the water level
and deposition ceased over most of the area. Silurian deposits
on the southern and northeastern borders of the uplift indicate
that the land area -at that time corresponded in those directions
with the borders of the present uplift. The absence of Silurian
rocks on the north and west at the Devonian contact points to an
extension of the Silurian land in those directions. In the succeeding
period, however, the Devonian sea covered the western half of the
uplift and Devonian black shale (Chattanooga shale) was laid down
over northwestern Arkansas and the southern part of southwestern -
Missouri, and Devonian limestone was laid down on the north and
east. This period of sedimentation was apparently succeeded by
a period of slight elevation during which the Chattanooga shale was
partly eroded, leaving several isolated areas separated from the main
area in southwestern Missouri, northwestern Arkansas, and north-
eastern Oklahoma. With the beginning of the Mississippian epoch

1 8hepard, E. M., A report on Greene County: Missouri Geol. Survey, vol. 12, pp. 155-160, 1898.

3 Siebenthal, C. E., Mineral resources of northeastern Oklahoma: U. 8. Geol. Survey Bull. 340, pp.

197-198, 1908.
3 Buckley, E. R., Geology of the disseminated lead deposits of St. Francois and Washington counties:
Missouri Bur. Geology and Mines, vol. 9, pp. 80-84 [1909].
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the land subsided and the limestones of that time were laid down
over most if not all the Ozark area.

The Mississippian deposition was closed by an elevatlon which
raised considerably above water most of the Ozark area except that
portion south and west of a line drawn from Miami, Okla., to the
vicinity of Fayetteville, Ark. The limestone upland was then sub-
jected to erosion and solution, and upon it was developed a typical
karst topography, with sink holes, closed valleys, and underground
passages. The southern border of the uplift was then depressed and
pre-Cherokee Pennsylvanian formations were laid down. An oscil-
lating warp next skewed the western part of the uplift, making land
out of the region which is now the Boston Mountains and depressing
the northwestern and northern margins of the uplift so that the
Cherokee shale transgressed far upon the Mississippian rocks in those
areas, and in fact practically if not quite completely covered that part
of the uplift lying north of the Boston Mountains. The superficial
depressions in the limestone were filled and many of the subterranean
openings were wholly or partly filled by shaly sediments which,
together with the residual chert and limestone, formed the basal
breccia that was afterward mineralized.-

About the close of Alleghany time, or the middle of the ““Lower
Coal Measures,” an uplift raised the Ozark reglon above water. At
the close of the Carboniferous period the region shared in the gen-
eral deformation, which gave it much the same contour that it
now has. After the close of the Carboniferous period the region was
for a long time subjected to subaerial erosion, which eventually
reduced it to a peneplain. During this time chert nodules were etched
from their limestone matrix, reduced to smaller size, and rounded by
water. In the later part of the period, when the land stood near
base-level, the gravels must have covered much of the surface with a
heavy mantle and lain deeply in the wide, shallow waterways and
drainage basins. The deposition of the lignitic Eocene of southeast-
ern Missouri was followed more or less closely by the uplift of the Ozark
region to nearly its present position—an uplift that quickened the
sluggish streams of the peneplain, which swept the accumulated
gravels down the sides of the dome and out upon the Mississippi
delta plain. The rejuvenated streams attacked the peneplain with
renewed energy, cutting canyons 250 to 300 feet or more in depth
and removing the Cherokee mantle from most of the area. A slight
subsidence, which resulted in the deposition of sand and gravel
terraces in the canyon bottoms, was followed by an elevation which
removed most of the terrace material from the valleys.
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UNDERGROUND CIRCULATION IN THE OZARK REGION.
IMPORTANCE OF THEORIES OF CIRCULATION.

In any discussion of the origin of the lead and zinc ores of the
Ozark region the form of the conception of the circulation of the
underground waters must play an important part and must be espe-
cially considered in any discussion of the deposition of these ores
in southwestern Missouri. An attempt will be made under this gen-
eral heading to present a conception of this circulation in a cross
section of the Ozark dome from its summit to its margin in the south-
western or Joplin district and to represent its development by stages
to the present time and condition. In this attempt the principles
developed by King and Slichter in their experimental work with
homogeneous materials are applied to the heterogeneous strata and
structures of the geologic cross section of the dome.

THE ARTESIAN CIRCULATION.

The circulation of underground water in the Ozark dome is doubt-
less limited principally to the stratified rocks above the pre-Cambrian
basement complex. The circulation of water through the cleavage
planes and joint systems of the crystalline rocks must be relatively
slight. The circulation in the upper part of the stratified rocks must
largely exceed that in the lower part, which, however, has the acces-
sory factors of increased temperature and pressure, so that 1t may be
questioned which part of the circulation is the more effective for
solution and transportation.

In the preceding pages and on the geologic map (Pl. III) it has
been shown that the Cambrian and Ordovician rocks make up the
.central and eastern parts of the dome except the small nucleal area
of crystalline rocks, that the nonpersistent Chattanooga shale is lim-
ited to the southwestern part of the dome, that the shaly phase of the
Kinderhook is confined to the northern half of the dome, that the
Mississippian formerly extended nearly to the summit of the dome,
and finally that the Pennsylvanian shale formerly covered almost all
if not quite all of the dome.

When, after the close of deposition of the Pennsylvanian shale,
the Ozark dome was elevated into land, the crest of the dome
was subjected to erosion, which then, or as soon as the overlying
Pennsylvanian shale and other rocks were removed, exposed Cam-
brian and Ordovician rocks. The exposed Cambrian and Ordo-
vician sandstones and dolomitic limestones dipped away from the
crest of the dome on all sides and were overlain on the flanks by the’
impervious shale of the Pennsylvanian, forming the receiving area
of a practically perfect artesian system, a cross section of which would

84551°—Bull, 606—15——3
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correspond almost exactly with Slichter’s diagrarﬁ ! (reproduced here

Impervious

The area from A to B isareceivingarea, which absorbs the rainfall; the area from B to C is an area of

K is the farthest point reached by the artesian circulation beneath the impervious shale cover.

FIGURE 1.—Diagram showing artesian circulation (from £lichter).
outflow of ground water.

as fig. 1), showing the flow of water in a series
of inclined pervious beds lying between two
impervious beds.

At that time the ground-water level may be
assumed to have been near the surface of the
crest of the dome. Water falling upon the
surface would sink into the ground and would
then flow outward down the slope of the dome
into the partings between the strata. If the
whole stratified section of the dome be taken
into account, the crystalline basement fur-
nishes the lower practically impervious limit.
As the impervious Pennsylvanian shale over-
laps upon the flanks of the dome and forms
the upper impervious limit, the requisite con-
ditions of .the diagram are established. In
the diagram the water is represented as taking
a fairly direct course from K to C. This
obviously is its main path—that pursued by
the main volume of flow—but undoubtedly
the whole triangular area between C, K, and
the base of the upper impervious bed above
K is filled with water moving with less ve-
locity toward C. So we may reason that
the undersurface of the upper impervious
bed for some distance from its margin is the
upper limit of asheet of water flowing upward
to C. This reverse flow is distinguished here
because in the present writer's opinion it
has an important relation to the theory of
ore genesis here presented. The writer con-
ceives that this body of stagnant or slowly
moving water in the broken ground or basal
breccia just below the Pennsylvanian shale
was favorable to the escape of carbon dioxide
and hence to the deposition of the ores.

The general outline of the circulation
having been established from this diagram,
it will be helpful to picture, by a series of
diagrams, the stages in the development
of the circulation as the Pennsylvanian
shale border is eroded farther and farther
down the flanks of the dome. In order that

1 Slichter, C. S., The motions of underground waters; U, S, Geol, Survey Water-Supply Paper 67, p. 36,

fig. 13,1902,
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the relation of the different stages to each other may be perfectly
clear the same diagrammatic radial cross section will be used in
each diagram of this series, modified for each stage to represent the
progressive erosion of the dome.

At the stage represented in figure 2 the Pennsylvanian shale has
been eroded to B, or perhaps has never extended beyond that point.
The circulation will thus be in a very early stage of development.
The ground-water level shown by the dotted line is near the surface,

e c

FiGuRE 2.—Diagram showing early stage in Ozark artesian circulation. A-E, Stages in erosion of Pennsyl-
vanian shale. ¢, Pennsylvanian shale; b, Mississippian limestone; ¢, Chattancoga (Devonian) shale;
d, Ordovician and Cambrian rocks; e, pre-Cambrian rocks.

and the underground journey of the water from the points where it
enters the circulation to the points where it emerges at the margin of
the shale is not long. Theoretically, the circulation sweeps through
the whole column of stratified rocks, but as a matter of fact the circu-
lation in the lower rocks is infinitely slower than in the rocks nearer
the surface. As the strata making up the slope of the Ozark dome
are of different degrees of porosity and are separated by parting planes
through which the water circulates more freely, they constitute an
artesian slope, and water under artesian head may be found not only

Ficure 3.—Diagram showing later stage in Ozark artesian circulation. A-E, Stages in erosion of Penn-
sylvanian shale. @, Pennsylvanian shale; b, Mississippian limestone; ¢, Chattanooga (Devonian) shale;
d, Ordovician and Cambrian rocks; ¢, pre-Cambrian rocks.

beneath the Pennsylvanian shale but also within the area of the slope
from which that shale has been eroded.

At the stage shown in figure 3 erosion has progressed until the
inner margin of the Pennsylvanian shale rests at point C. The cir-
culation is well established but is practically confined to the Cam-
brian and Ordovician rocks.. The direction of flow at the point B,
which in the preceding stage was upward, has under artesian pres-
sure been reversed and is now directly downward to the underground



36 ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

water table and then outward down the slope of the dome. The
flow at C is upward under hydrostatic pressure, which drives the flow
on beneath the Pennsylvanian shale cover for some distance, produc-
ing a reverse flow inward beneath the shale, as explained above.

The erosion of the Pennsylvanian shale at the stage shown in figure
4 has proceeded until its inner edge rests at point D. The flow is now
downward at C as well as at A and B, and is upward under strong
artesian pressure in the strip of territory adjacent to the edge of the
shale. The Pennsylvanian shale is probably unbroken down the sides
of the dome, and the water inclosed in the sedimentaries beneath the
shale is practically stagnant. The flow pursues the theoretical paths
of the cross section, modified by the conditions of more active and less
active flow in various parts of the stratified series. In the absence of
the Chattanooga shale and of the more shaly phases of the Kinder-

A B

FiGure 4.—Diagram showing still later stage in Ozark artesian circulation. A-E, Stages in erosion of
Pennsylvanian shale. a, Pennsylvanian shale; b, Mississippian limestone; ¢, Chattanooga (Devonian)
shale; d, Ordovician and Cambrian rocks; ¢, pre-Cambrian rocks.

hook, the circulation of the Cambrian and Ordovician rocks and the
Mississippian rocks is one, the contact being no more capable of
separating them than is the contact between two individual limestone
beds in either series. Water falling on the central area of the dome
out to the-circle drawn through D, except the run-off and the water
evaporated, is drawn into the sedimentary rocks, flows down the dip
of the rocks, and rises to the surface again in the territory adjacent
to the shales.

The foregoing diagrams (figs. 2, 3, and 4) represent the orderly
development of the underground circulation of the dome with pro-
gressive erosion of the overlying impervious cover, the- Pennsylvanian
shale, uncomplicated by the intercalation of the Chattanooga shale.

Another diagram may be added to show the complexities imposed
upon the circulation by the occurrence of lenses or larger bodies of
shale intercalated between the Cambrian and Ordovician limestones
and the Mississippian limestones. The diversions forced upon the
ascending currents by these perched water tables are similar to those
imposed by the edge of the Pennsylvanian shale. Figure 5 shows
also the condition that exists when the Pennsylvanian shale has
been cut through farther down the dome and when strong artesian
currents rise to the surface.
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The diagrams probably show the conditions as plainly as words can
express them, but a few points should be emphasized. One point
is that notable currents are not established in the limestones until
the overlying Pennsylvanian shale has been removed. The first
currents set up at the edge of the shale are ascending currents.
Where the shale is cut through the currents are necessarily ascending
until erosion of the surrounding country has lowered the ground-
water table below the junction of the underlying limestones with the
~ Pennsylvanian shale. Another point brought .out- by inspection of
the diagrams is that water which has entered the circulation on the
summit of the dome, has penetrated deeply into the stratified rocks,
and has risen to the surface again will not be likely to penetrate so
deeply a second time. This is equivalent to saying that water enter-
ing the strata on the outcropping edges flows along the bedding more
easily than it penetrates the underlying strata. The effect is to con-

FI1GURE 5.—Diagram showing late stage in Ozark artesian circulation. A-E, Stages in erosion of Pennsyl-
vanian shale. a, Pennsylvanian shale; b, Mississippian limestone; ¢, Chattanooga (Devonian) shale;
d, Ordovician and Cambrian rocks; e, pre-Cambrian rocks.

centrate in the upper circulation any mineral matter taken into solu-
tion by the water during its passage through the rocks.

FLOWING WELLS.

The distribution of the flowing wells about the dome (Pl IV) is
just what should be expected from the foregoing discussion. The
flowing wells in Missouri are in a circle that borders the uplift from
St. Louis to the southwest corner of the State, either in the bordering
area of Pennsylvanian rocks or in the adjoining zone of the uplift.
The central part of the dome yields no wells that flow at the surface.
In southeastern Kansas and northeastern Oklahoma there are
flowing wells near the border of the uplift, but along all the southern
border of the uplift there are only one or two flowing wells. The
reasons for this absence of flowing wells are not far to seek; first,
the limestone area north of the Boston Mountains is so well supplied
with large springs of pure water that there has been no necessity for
sinking deep wells; second, in the valley of the Arkansas, south of the
Boston Mountains, where the surface water supply would render
artesian water desirable, the depth to the water-bearing sandstones
of the Cambrian and Ordovician rocks is too great to induce the
boring of such wells.
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N GENESIS OF THE ORES.
GENERAL RELATIONS OF THE JOPLIN ZINC AND LEAD DEPOSITS.

The lead and zinc deposits of the Mississippi Valley occur in three
groups: (1) Those of the Ozark region; (2) those of the upper Mis-
sissippi Valley, including the deposits of southern Wisconsin, east-
ern JTowa, and northern Illinois; and (3) those of outlying districts,
. including the central Kentucky, the Kentucky-Illinois, the southern
Arkansas, and the Arbuckle Mountain, Okla., districts. The deposits
of the Ozark region are by far the most important.

The Ozark region contains four districts: The southeastern Mis-
souri disseminated lead district; the central Missouri district, char-
acterized by small ore bodies yielding both lead and zinc; the Joplin
or southwestern Missouri district, the main zinc-producing area; and
the northern Arkansas district, producing chiefly zinc. These four
districts are arbitrarily so chosén as to include the chief ore-producing
centers. If all the scattered lead and zinc deposits known in the
region were included, a continuous zone (except for the break between
Miami, Okla., and Fayetteville, Ark.) would be outlined, beginning
with the southeastern Missouri district on the east, thence circling to
the northwest, thence to the south, not far from the margin of the
- Ozark uplift, and finally extending eastward along the northern slopes
of the Boston Mountains.

Two forms of the iron-ore deposits of Missouri—the secondary limo-
nite deposits and the hematites of the filled sinks—were originally de-
posited as sulphides. These deposits, which in the opinion of the writer
are genetically related to the lead and zinc deposits, are practically
confined to the area occupied by the Cambrian and Ordovician rocks

and are most plentiful in the central and southern parts of this area.
"~ Thelead and zinc deposits of the Mississippi Valley-are distinguished
from one another by certain differences in the form and structure of
the ore bodies and in the mode of occurrence and character of the ore.
The Joplin district is characterized by the absence of well-defined
fissures and by the common occurrence of the ores in large elongate
bodies of generally slight horizontal extent, known as ‘‘runs,” or in
comparatively thin tabular bodies of great horlzontal extent, known
as ‘‘blanket breccias’ or ‘‘sheet ground.” The ores consist of zinc
and lead sulphides, Whjch occur in the runs mainly as a cement to chert
breccias and in the sheet ground mainly as jasperoid replacements in
horizontal layers between slightly disturbed beds of chert.

VERTICAL DISTRIBUTION OF THE JOPLIN ZINC AND LEAD
DEPOSITS.

In connection with the descriptions of the different geologic forma-~
tions in the district given in the chapter on areal geology the most
productive ore horizons were pointed out, but for convenience they
may be briefly summarized here, beginning with the uppermost.
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1. The highest ore horizon stratigraphically lies in the rocks of
Chester age immediately beneath the Pennsylvanian shale, and ex-
tends downward into the Boone formation. Ores from this horizon
have been mined extensively at Miami, Okla., and drilling has shown
that similar deposits extend northeastward into Kansas. :

2. The great horizon of the ““open-ground” or “confused-ground”’
deposits of the Joplin region is in that part of the Boone formation
which lies above the Grand Falls chert member. These deposits were
the first mined and they have yielded the great bulk of the ores so far
produced by the district. A few of these deposits extend downward
through the Grand Falls chert where the ““ open ground” cuts through
that member, but generally where the deposits reach as deep as the
upper surface of the Grand Falls chert that member terminates the
ore and becomes the “bedrock.”

3. The “sheet ground” of the region is formed in the upper part
of the Grand Falls chert. This horizon has been productive in places
at Galena, in Kansas, and in the territory immediately west of Joplin,
in the area reaching from Oronogo to Duenweg, at Granby, and at
Pioneer, in Missouri.

4. Disseminated and ‘““open-ground’ deposits of zinc and lead
-occur in that part of the Boone below the Grand Falls chert member,
in rocks of Kinderhook age. These deposits have been opened at,
Galena, Kans., and at Hornet, Granby, Oronogo, Stotts City, McDowell,
and Aurora, Mo.

5. A fairly persistent ore horizon at the level of the Chattanooga
(Devonian) shale has been demonstrated by a drilling campaign . at
Granby, Mo.. No shaft has as yet been sunk to these deposits. .

6. Some ore has been mined in the Sand Ridge mine at Aurora,
Mo., below the horizon of the Chattanooga shale in rocks that prob-
ably belong to the Jefferson City limestone of Ordovician age. Ore
below the horizon of the Chattanooga shale has also been reported in
drilling in the Joplin region a number of times.

HISTORICAL OUTLINE OF VIEWS OF THE ORIGIN OF THE JOPLIN
ORES.

If considered as to their genesis, the zinc and lead deposits of the
Joplin district have long been acknowledged to be among the most
puzzling in the whole category of ore deposits, and this statement is
easily borne out by a perusal of the diverse views set forth in the fol-
lowing brief résumé of the various theories presented to account for
their deposition: ‘

Schmidt and Leonhard,® who were the first geologists to make a
detailed investigation of the zinc and lead deposits of southwestern
Missouri, concluded as the result of their studies that the ores were

1 Schmidt, Adolph, and Leonhard, Alexander, Thelead and zinc regions of southwest Missouri: Missouri
Geol. Survey Rept. 1873-74, pp. 412~414, 1874,
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pian rocks, apparently by laterally moving but not surface solutions,

Jenney,! studying the deposits 20 years later, held that the ores
were derived from the pre-Cambrian crystalline rocks through fissures
of indefinite vertical extent and were deposited by solutions of
moderate or normal temperature, cooled by the long journey from
their sources. E.M. Shepard,? discussing the Greene County deposits
a few years later, concurred in this view. A

F. L. Clerc,® in a short description of the geology of the mines of the
district, suggested that the ores were leached from the sink-hole
[Cherokee] shale patches which dot the region and whlch “may be
only a small part of those that once existed.”

Haworth,* writing in 1904 upon field work done in 1898-99, con-
cluded that the ores were in the main derived from the overlying
Cherokee (Pennsylvanian) shale, and carried down and concentrated
in the Mississippian limestones and cherts.

Buckley and Buehler,® in their report on the geology of the Granby
area, state their belief that the metals of the present concentration
were disseminated in the overlying Pennsylvanian shale, during the
erosion of which the metals were oxidized and taken into solution,
carried downward into the Mississippian limestones and cherts, and
there concentrated and deposited by the mingling of oxidizing and
reducing solutions.

Winslow ¢ showed by the large-quantity analyses of Robertson
that zinc and lead are disseminated through the Archean, Cambrian,
Ordovician, and Mississippian rocks of the Ozark region, and he
argued that these rocks by their decomposition in turn furnished the
" metals for the succeeding rocks; that the caverns and sink-hole
breccias of the pre-Pennsylvanian erosion furnished favorable sites;
that the solutions from the limestone land furnished the metals, and
that the organic matter deposited by the Pennsylvanian sea consti-
tuted a suitable precipitant; wherefore he held that beneath the
margin of the Pennsylvanian sea the conditions were most favorable
for the concentration of the ores. With this view Branner?, Keyes,®

1 Jenney, W. P., The lead and zinc deposits of the Mississippi Valley: Am. Inst. Min. Eng. Trans., vol.
22, pp. 219-224, 1894.

2 Shepard, E. M., Geology of Greene County: Missouri Geol. Survey, vol. 12, pp. 169173, 1898.

3 Wilson, J.,N., Lead and zinc ore of southwest Missouri mines; authenticated statistics, with con-
tributions by F. L. Clerc and T. N. Davey, Carthage, Mo., pp. 8-11, 1887,

¢ Haworth, Erasmus, Special report on lead and zine: Kansas Univ. Geol. Survey, vol. 8, pp. 117-126,
1904 (distributed 1907).

5 Buckley, E. R., and Buehler, H. A Geology of the Granby area: Missouri Bur. Geology and Mines,
2d ser., vol. 4, pp. 78—110 1906.

8 Wmslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol 7, pp. 477-487, 1894, )

7 Branner, J. C., The zinc and lead region of north Arkansas: Arkansas Geol. Survey Ann, Rept. for 1892,
vol. 5, pp. 15-35, 1900.

8 Keyes, C. R., Diverse origins and diverse times of formation of the lead and zinc deposits of the Missis-
sippi Valley: Am. Inst. Min. Eng. Trans., vol. 31, pp. 607-611, 1902; Ogark lead and zinc deposits: their
genesis, localization, and migration: Am. Inst. Min. Eng. Trans., vol. 40, pp. 184-231, 1910.
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and Adams! are in substantial agreement, though Branner thinks
that a part of some of the bedded deposits is of contemporaneous
sedimentation with the inclosing rocks. Branner and Keyes also lay
special stress on synclinal structure as favorable to the concentration
of ore bodies.
. Bain? adopted the theory, prev1ously worked out by Van Hise for
the upper Mississippi Valley region, of a primary deposition by as-
cending artesian currents and a secondary concentration by descend-
ing currents keeping pace with the lowering of the land level by
erosion. Bain further contributed the view that the ore-bearing
currents in the Joplin region ascended from the Cambrian and Ordo-
vician rocks through fault zones cutting the ‘‘Devono-Carbonifer-
s’ shales, thus accounting for the localization of the ores and the
occurrence of dolomite.

In the Joplin district folio ® Smith accepted, with modlﬁcatlons,
the Van Hise-Bain idea of a primary concentration of the ores by
ascending waters that had derived their metal content from either
the Mississippian or the Cambrian and Ordovician limestones,
although convincing evidence was not at hand to decide from which
source the metals were chiefly derived. He greatly minimized the
importance of sulphide enrichment by downward currents, main-
taining that the vertical order, frequently observed, of galena above,
next blende, with iron sulphide in depth, is one normal to primary
deposition by ascending solutions. In the chapters on stratigraphic
and structural geology in that folio the junior author (the present
writer) showed that only minor faulting was found in the area under
discussion and pointed out that the Chattanooga (Devonian) shale
‘was not persistent and hence not a complete barrier to the ascent
of solutions from the Cambrian and Ordovician rocks. '

The writer, in the present paper, still maintains that the rocks of
Kinderhook age—that is to say, the lower part of the Boone forma-
tion—even in their more shaly phases are, nevertheless, decidedly
arenaceous and are not an effective barrier to the ascent of the ore-
bearing solutions from the Cambrian and Ordovician limestones
below. This view he holds to be proved by the finding of ore rich
enough to justify mining at places in those rocks, notably at Spring-
field, Aurora, McDowell, Stotts City, Joplin, Hornet, and Galena.
He further holds that the Chattanooga (Devonian) shale is an effec-
tive barrier to the ascent of the solutions, as is proved by the absence
of ore bodies over the known distribution of that formation as shown

U Adams, G. 1., Zinc and lead deposits of northern Arkansas: U. 8. Geol. Survey Prof. Paper 24, pp. 43-46,
1904.

2 Bain, H. F., Preliminary report on the lead and zinc deposits of the Ozark region: U. 8. Geol. Sur-
vey Twenty-Second Ann. Rept., pt. 2, pp. 204~215, 1901.

3 Smith, W. 8. T., and Siebenthal, C. E., U. S. Geol. Survey Geol. Atlas, Joplin district folio (No.
148), pp. 18-19, 1907.



42 ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

on the map (Pl. III). The writer also believes that, directly or indi-
rectly, the Cambrian and Ordovician limestones and dolomites have
furnished the major part of the ores now found in the Joplin district;
that these ores were precipitated from ascending alkaline-saline sul-
phureted waters similar to those now rising in artesian wells within
the Pennsylvanian area immediately west of the Joplin district;
that the pyrite and marcasite deposits which gave rise to the sec-
ondary limonite deposits and the hematite deposits in the filled
sinks of the Cambrian and Ordovician area are of similar origin to
the lead and zinc deposits; that the solution, transfer, and redeposi-
tion of sulphides by such solutions is simple, as is shown in the chap-
ter on the chemistry of lead and zinc compounds; that such metals as
are carried by sulphate acid waters'in the district have resulted from
oxidation of the ore deposits and represent merely a local transfer of
such metals; that the deeper waters of the district now carry less
mineral matter in solution—that is, less salts of the alkalies and
metals—than formerly because they have been ‘‘sweetened” by long-
continued circulation, whereas the artesian waters drawn from the
same horizons west of the Joplin district have preserved their pristine
character because they have been impounded beneath the Pennsyl-
vanian shales; all of which beliefs the writer holds are substantiated
by the facts herein set forth.

It will be observed that in the foregoing views the rocks at prac-
tically all geologic horizons in the area have been drawn upon as
sources of mineralization, namely, the pre-Cambrian, Cambrian and
Ordovician, Mississippian, and Pennsylvanian. This paper will be
confined to an endeavor to show that the ores were derived chiefly
from the Cambrian and Ordovician rocks and will not attempt to
“discuss even obvious objections to other conclusions unless such
discussion appears necessary to elucidate points in connection with
the view that the ores were deposited by ascending circulating arte-
sian waters.

CHEMISTRY OF LEAD AND ZINC SOLUTIONS.
NATURE OF ORE SOLUTIONS.

- Ore solutions, which are in general dilute solutions charged with
divers metallic salts in various degrees of concentration, are regarded
by the physical chemist as complex but homogeneous systems in
which the salts are dissociated in various degrees of ionization and
hydrolyzation and in which the acid and base radicles exist in all
possible combinations as well as in individual ions, the relative
quantity of each depending on the ionization constants, the solu-
bility products, and the original concentration of the salts. This
view no doubt presents a true picture of the actual constitution of
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an ore solution, but for the purposes of this discussion it will be
preferable to regard an ore solution as a mixture of various simple
salt solutions, the reactions of each of which may be considered
separately. As the ionized radicles in a salt solution are balanced
against one another in harmonious equilibrium, the violence done
to the physico-chemical conceptlon by thus treating the ore solution
as a mixture of simple solutions is more apparent than real.

In this paper it will be assumed that the metals of the ores were
originally disseminated through the limestones as sulphides, and an
attempt will be made to picture the solution of these sulphides, their
transportation, and their redeposition.

SOLUTION AND TRANSFER AS SULPHATES.

The sulphides of the metals coming in contact with air or oxidizing
solutions are changed to sulphates, the end results being expressed
by the following reactions:

PbS + 40 = PbSO,
ZnS +40 =ZnSO0,
FeS, +70 + H,0 =FeS0, + H,S0,

The sulphates of the metals, except that of lead, which is moderately
insoluble, are readily soluble and enter into the general ground-water
circulation. The metals are transferred in-quantity as sulphates
probably for short distances only. As shown farther on (pp. 55-56)
zinc sulphate in an underground circulation carrying earthy bicar-
bonates, organic matter, carbon dioxide, and hydrogen sulphide
may react with the earthy bicarbonates and remain in solution to a
small extent as zine bicarbonate or, according to Bailey (see p. 69),
it may be precipitated as zinc carbonate; or it may react with the
limestone country rock and form zinc carbonate, thus:

7SO0, + CaC0, = ZnCO, + CaS0,

or (see pp. 62—66) it may be reduced by organic matter and be depos-
ited as the sulphide:

ZnSO,+CH,=ZnS +2H,0+ CO,

or, as shown by Bischof,' it may be pre01p1tated as the sulphide by
hydrogen sulphide, thus:

7080, + H,S + CaC0, = ZnS + CaS0, + €O, + H,0

In mines that contain considerable iron pyrites and that are alter-
nately dry and wet there is likely to be rapid oxidation. If the water
from such a mine does not come in contact with limestone it is likely
to be heavily charged with the sulphates of the metals. For the
reasons pointed out this transfer is likely to be of limited horizontal

1 Bischof, Gustav, Elements of chemical and physical geology (translation by B. H. Paul and J. Drum-
mond), vol. 1, p. 15, London, Cavendish Society, 1854.



44 ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

extent, in general from upper to lower levels in the mine. The
few scattered ‘‘buttermilk” springs of the district, which carry large
quantities of zinc sulphate, mark the outerop of exclusively cherty
strata which have elsewhere received either mine drainage or drainage
from oxidizing sulphide ore bodies that has not been neutralized
by contact with limestone. (See analysis No. 116 in the synoptical
table.) The “‘alum” springs similarly mark the emergence of drain-
age from sulphide deposits undergoing oxidation. (See analyses
Nos. 117 and 118.)
- As before stated, the transfer of the metals as sulphates in quan-
tity probably covers short distances only. Few if any of the analyses
of deep waters fail to reveal the presence of more or less sulphate
radicle. If such waters carry traces or measurable quantities of
zinc, one can not say that the ionized solution does not carry potential -
zinc sulphate. Minute quantities of the metallic sulphates may
therefore, in effect, be carried for long distances. ' ’
Gottschalk and Buehler ' have made and published a series of
important experiments to show the order of oxidation of the sul-
phides. They found that the natural sulphides show differences
in conductivity and may be arranged in a series analogous to the
electromotive series of the metals. In moistened contact in pairs
they act as batteries; the mineral that stands lower in the electro-
_motive series is dissolved, and the mineral that stands higher is
protected from oxidation.” The following measurements of the
conductivity of minerals have been taken from the much fuller
table in the more recent of the two articles cited. The measurements
are in volts and are made against a copper wire.

Table of conductivities of natural sulphides. Vot
olt.

Marcasite. . . ..ooeenenannn. reeen . +0.37
Chalcopyrite................o..olLl S +0.18 to 4- .30
Pyrite. e + .18
Galena....... e .. 4+ .15
Metallic COPPer. ..ot .00
Sphalerite - ... ...l - .2 to— .4

In accordance withvthis series we should expect, as pointed out
by the authors cited, that with galena and sphalerite in contact
in oxidizing waters, the galena would be preserved at the expense of
the sphalerite; and that, with pyrite or marcasite in contact with
either galena or sphalerite, the lead or zinc sulphide would go
intur solutlon, leaving behind the iron sulphide. As a matter of
fact, this is what happens, both in the laboratory and in the field.
The laboratory experiments showed that marcasite in contact with
sphalerite dissolved only one-sixth to one-fourth as rapidly as when

t Gottschalk, V. H,, and Buehler, H. A., Economic geology, vol. 5, pp. 28-35, 1910; vol. 7, pp. 15-_1, 1912,
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SPECIMENS OF SPHALERITE AND GALENA ETCHED FROM BENEATH A CRUST OF
MARCASITE AND PYRITE.

The five upper specimens show etched galena; the lower specimen shows etched sphalerite.
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alone, and marcasite in contact with galena dissolved only one
forty-fourth to one-sixteenth as rapidly as when alone. In the same
experiments the sphalerite in contact with marcasite dissolved 10 to
14 times as fast as when alone and the galena in contact with mar-
casite dissolved 6 to 14 times as fast. This action is analogous
to the electrolytic action by which the zinc coating protects the
iron in galvanized iron. In the field in the Joplin district the writer
bas seen marcasite incrusting crystals and surfaces of both galena
and sphalerite and continuing beyond their present limits, thus
marking former extensions of those faces that have been etched
away, leaving the unaltered marcasite crusts. Plate V shows
a specimen of sphalerite and several specimens of galena etched
from beneath a crust of marcasite. The marcasite is bright and
fresh and some individual crystals of it that extend inward beyond
the plane of former faces of galena or sphalerite suggest that mar-
casite has to a small extent been deposited since the zinc and lead
sulphides were carried away. Evidence of this sort of action is
most clearly presented in the sheet ground of the district, where,
owing to-its depth below the surface and below the normal ground-
water level, oxidation and solution have not gone beyond the capacity
of the zinc and lead sulphides to protect the marcasite. Nearer the
surface, and above the ground-water level, oxidation and solution.
have generally reached the stage where all three sulphides are gone.
Moreover, the necessary condition of moist contact of the sulphides
may not exist in many of the shallower deposits. Again, the galena
in this situation protects itself by forming an enveloping film of lead
carbonate. Hence the shallower deposits may yield galena that
is practically free from sphalerite and marcasite.

On the other hand, the writer has seen cubes of galena from the
230-foot, level of the Sullivan mine, at Miami, which were covered
with a thin crust of small ruby crystals of sphalerite and in which
the galena plainly had been etched from beneath the sphalerite.
Close examination showed that a little pyrite was dusted between
the galena and the sphalerite. With pyrite-galena forming one
couple and pyrite-sphalerite another couple, it may be that the
greater mass of the galena operated to cause it to go into solution
faster than the sphalerite. In the mines there usually does not
seem to be much difference in the etching of adjacent galena and
sphalerite. 4 .

Fox,! in 1830, while working on electric currents developed between
separate parts of metalliferous veins, investigated the conductivity
of the minerals of the veins and published a table which in sequence
agrees in essential particulars with the one cited above. A little

1 Fox, R. W., On the electromagnetic properties of metalliferous veins in the mines of Cornwall: Roy.
Soc. London Philos. Trans., pt. 1, pp. 399-414, 1830,
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more than 40 years later, Skey,! while engaged in a study of the-
amalgamation of gold ores, discovered independently the voltaic
relations of the sulphide minerals and gave a table of their relative
conductivities very similar to the table prepared by Fox.

Gottschalk and Buehler, in their measurements of the electro-
motive force of the minerals, immersed them in distilled water.
They noted that the potential of some minerals (of sphalerite, for
instance) paired with pyrite was at first high, but that it dropped
to one-tenth in a few seconds. Wells,” who has more recently
studied the electrochemical activity of certain ore minerals, finds
that the potential developed, depending as it does upon the oxida-
tion of one of the minerals, varies with the mineral, with the char-
acter of the solution, and with the length of time covered by the
experiment. As these are factors that would enter into any ore
deposition it is obvious that the data which Wells gives represent
more nearly the natural conditions. Gottschalk and Buehler give
the order of initial potential in distilled water, whereas Wells glves
the order in various solutions after action has gone on for some time.
However, the order of the ore minerals with which we are here
concerned is the same in both tables, though the spacing may be
somewhat different, and consequently it will not be necessary to
pursue the comparison further.

SOLUTION AND TRANSFER AS CHLORIDES.

The solubility in water of certain haloid compounds of zinc,
notably the chloride, the bromide, and the iodide, is remarkably
high, the quantities of the anhydrous salt of these compounds held
in solution by 1 liter of water at 18° C. being, respectively, 2,039,
4,782, and 4,190 grams?® In contrast with these, the solubility
of the equivalent lead compounds is 14.9, 5.98, and 0.8 grams,
respectively. The solubility of the compounds of lead and zinc, and in
particular of the sulphides of those metals, in saline solutions of the
- alkalies and alkaline earths is quite another matter, however; and
it is with the solubility of the metallic sulphides that we are con-
cerned.

Lindgren * has this to say relative to the transportation of lead
as the chloride:

Galena, on the other hand, is one of the most insoluble sulphides. It is said to
be slightly soluble in water and. also in solutions of sodium sulphides.> Lead sulphate,

1 Skey, William, On the capability of certain sulphides to form the negative pole of a galvanic circuit or
battery: New Zealand Inst. Trans. and Proc., vol. 3, pp. 222-225, 1871; and On the electromotive power of
metallic sulphides: Op. cit., pp. 232-236.

2 Wells, R. C., Electrochemical activity between solutions and ores: Econ. Geology, vol. 8, pp. 571~577
1913; also Electrlc activity in ore deposits: U. S. Geol. Survey Bull. 548, 1914.

8 Smith, Alexander, Introduction to inorganic chemistry, rev. ed., p, 544, New York, 1910,

4 Lindgren, Waldemar, Mineral deposits, p. 415, New York, 1913,

& Doelter, C., Min. pet. Mitt., vol. 11, p. 319, 1890.
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according to Kohlrausch and Rose,' is soluble to the extent of 46 milligrams in 1
liter of pure water. The presence of free acids decreases the solubility. Chlorides
are more effective. According to Fresenius lead sulphate is soluble in ferric chloride
and sodium chloride decomposes it slowly. Becquerel found that 1 liter of saturated
solution of sodium chloride dissolves 660 milligrams of PbSO, and in this condition
it is probably converted to the much more soluble lead chloride by mass action.
PbCl, is soluble in pure water at the rate of 0.909 per cent at 15° C., rising to 3.34
per centat 100° C.;? a 5 per cent solution of sodium chloride, having 2 common ion,
retards the solubility about one-fourth.

From all this it appears probable that solutions of sodium chloride are the most
effective carriers of lead * * * and in many cases at least such solutions mixed
with sulphates probably were active in the genesis of these deposits [that is, lead and
zinc deposits in sedimentary rocks]. * * * When such solutions encountered
hydrogen sulphide or abundant organic matter precipitation of the lead as sulphide
undoubtedly would follow.

But little data are at hand concerning the solubility of zinc sul-
phide in solutions of sodium chloride. In the experiment by Wells,
detailed on page 58, the quantity of zinc dissolved by a solution of 1
gram of sodium chloride in a liter of water was a little less than half
that dissolved by water saturated with hydrogen sulphide and less
than one-sixth that dissolved by water saturated with carbon dioxide.
Certain strong brines from Kentucky, to be noted later, show traces
and measurable quantities of zinc, reported as the carbonate, however.
Also the waters of the German springs, the Solquelle ‘‘Bonifazius’’
and the Viktoriaquelle,* both nearly pure solutions of salt, contain
respectively a trace and a measurable quantity of zinc.

SOLUTION AND TRANSFER AS SULPHIDES AND HYDROSULPHIDES.

Weigel® gives a table showing the solubility in pure water of
various crystalline metallic sulphides, as determined by the conduc-
tivity of the solution, and from this table are taken the data relative
to the sulphides with which we are concerned.

Solubility of crystalline sulphides in pure water at 18° C. (65° F.).

Grams <]>r
minera.
Grammol | dissolved
* | per liter of
water.
Galena, from Freiberg.... ... ... oo 1.21X10-6 0. 00029
Galena artificial .. .o .| L21X10-6 .00029
grous sulphide, regular. ... ........oociiiiiiiiii 3.1 X10-¢ . 00049
alerite, ATHIACIAL. o oomss eI ... 6.63X10-8 . 00065
Spha.lento from Santander.. | 6.65X10-¢ . 00065
Greenocklte 8.99X10-¢ . 00130
Millerite. . 16. 29X10-6 . 00148
Wurtzite. . .| 28.82X10-¢ . 00281
Pyr lte, artlﬁclal .......................................... 40.84 %106 . 00490
Pyrite, from Freiberg . . ...oo it 48.89X10-0 . 00587

1 Kohlrausch, F., and Rose, F., Zeitschr. physikal. Chemie, vol. 12, p. 241, 1893,

2 Landolt and Bornstein, Physikalisch-chemische Tabellen, Berlin, 1905.

3 Analysis No. 29 in the synoptical table, p. 150.

4 Analysis No. 50 in the synoptical table, p. 150.

6 Weigel, Oskar, Die Loslichkeit von Schwermetallsulfiden in reinem Wasser: Zeitschr. physxkal
Chemie, vol. 58, p. 293, 1907
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It will be observed that sphalerite is much more soluble than galena
and ranks between galena and pyrite. Field experience in general
corroborates Weigel, though of course the conditions are not exactly
parallel, as oxidation enters into the solution of the sulphides under
field conditions in the superficial zone. On the other hand, under
some conditions, as shown by the example cited on page 45, galena
appears to be less resistant than sphalerite, for it has been etched
from beneath a crust of that mineral.

Becker and Melville investigated the solubility of various sul-
phides in solutions containing sodium sulphide and sodium hydroxide.
The results as regards sphalerite and galena are as follows:

A solution containing a little less than 1,000 parts of Na,S and about 100 parts of
NaHO dissolved 1 part of ZnS at 20°. The sulphydrate dissolves only a very small
quantity of zinc sulphide. Sodic carbonate partially saturated with sulphydric acid
also dissolves zinc sulphide. Over 1,000 parts of neutral sodium carbonate which
had been semisaturated with hydrogen sulphide were found necessary to dissolve 1
part of zinc sulphide at 20°. * * *

The sulphides of lead and silver seem to be entirely insoluble in solutions of sodlc
sulphide, of sodic sulphydrate, or in solutions of sodic carbonate partially saturated
with hydrosulphuric acid. We have obtained no evidence of solution with these sul-
phides even when heated above 100° with the reagents in closed tubes.

The foregoing experiments show that there is a series of compounds of mercury of
the form HgS, nNa,S one or the other of which is soluble in aqueous solutions of
caustic soda, sodic sulphydrate, or sodic sulphide, and apparently also in pure water,
at various temperatures. These solutions subsist, or subsist to some extent, in the
presence of sodic carbonates, borates, and chlorides. * * * Bisulphide of iron,
gold, and zincblende form double sulphides with sodium, which appear to be analo-
gous to those of mercury. Copper also forms a soluble double sulphide, but com-
hines more readily with sodic sulphydrate than with the simple sulphide. Al of
these soluble sulphosalts may exist in the presence of sodic carbonates.!

When hydrogen sulphide is passed through waters containing neutral carbonate at
ordinary temperatures the following reaction is known to take place: Na,CO,+H,S=
NaHCO;+NaHS; so that, if the solution of the neutral carbonate be moderately
strong, a portion of the less soluble acid carbonate is precipitated by hydrogen sul-
phide. If hydrogen sulphide be passed through the solution until it is only semi-
saturated or if a saturated solution be added to a solution of the neutral carbonate, the
composition will be Na,CO;4+NaHCO;+NaHS.?

In this connection attention is called to the fact that nearly half
the Kentucky waters which contain hydrogen sulphide contain also .
sodium sulphide, and that of the 89 waters yielding zinc (see p. 92),
36 contain hydrogen sulphide, and of these 17 are reported to con-
tain sodium sulphide. The waters from the Whitaker well at Pryor
Creek, Okla., and from the waterworks well at Pittsburg, Kans., both
in the Ozark region, contain alkaline sulphides, and probably many
other of the sulpho-saline waters of the district and of the region
immediately west of it also contain alkaline sulphides.

1 Becker, G. F., Natural solutions of cinnabar, gold, and associated sulphides: Am. Jour. Sci., 3d ser.,
vol. 33, p. 208, 1887.

2 Becker, G. F., Geology of the quicksilver deposits of the Pacific slope: U. 8. Geol. Survey Mon. 13, p
427, 1888.
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Many of the waters considered in the table of analyses given in
this paper (pp. 107-146) contain alkaline and earthy bicarbonates and
hydrogen sulphide, and if they contain these they probably contain
also more or less sodium sulphide or similar alkaline-earth sulphides,
as indicated by the following reactions:

Ca(HCO,), +2NaCl + H,S = Na,8 + CaCl, + 2H,0 + 2C0,
9NaH(CO,) + H,S = Na,S + 2H,0 +2C0,
Ca(HICO,), + H,S = CaS+2H,0+2C0, *

In the presence of hydrogen sulphide sodium sulphide forms the
hydrosulphide, as shown by this equation:

Na,S+ H,S = 2NaHS

Concernmg the action of sodium sulphide and hydrosulphide on
zinc salts Thomsen! has this note [translated and equations sup-
plied by the present writer]:

When a dilute solution of zinc sulphate is treated with an equivalent of sodium
sulphide solution, a precipitate is formed which contains all the zinc and all the sul-
phur, leaving a neutral solution of sodium sulphate [ZnSO,+Na,8=ZnS(zH,0)+
Na,80,]; the precipitate is hydrous zinc sulphide. When the zinc sulphate solution
is precipitated by an equivalent of sodium hydrosulphide solution, the decomposition
is also complete; the precipitate contains the whole of the zinc, and the solution
reacts weakly acid [ZnSO,+4-2NaHS=Zn(HS),4-Na,S0,]; the precipitate isapparently
zin¢ hydrosulphide. When, however, a zinc sulphate solution is treated with a
double quantity of the solution of sodium hydrosulphide, there is no precipitate, but
a clear or weakly opalescent fluid {ZnS0O,+4NaHS=Na,ZnS,+N2,80,+2H,S]. The
solution yields, with sodium hydroxide and with acids, a precipitate of zinc sulphide,
or more probably zinc hydrosulphide. After standing for a few hours there gradually
forms in the solution a slimy precipitate, but this is redissolved on heating the solution.

The behavior of the zinc-sulphate solution toward sodium hydrosulphide is, there-
fore, strictly analogous to its behavior toward sodium hydroxide; for an equivalent
quantity of sodium hydroxide decomposes the zinc sulphate solution completely,
with the formation of a precipitate of zinc hydroxide, whereas an excess of sodium
hydroxide gives a clear solution containing zinc oxide-sodium hydroxide [Na,Zn0,=
sodium zincate]. Zinc hydrosulphide is soluble in sodium hydrosulphide just as
hydrated zinc oxide is soluble in sodium hydroxide.

The very similar calcium hydrosulphide may be formed directly

from calcium carbonate and hydrogen sulphide, as shown by
Béchamp 2 in the reaction:

2CaCO, + 2H,8 = Ca(HCO,), + Ca(HS),

The efﬁcacy of calcium hydrosulphide in the solution and trans-
portation of zinc is considered on page 58.

Another set of conditions that must be brought about to some
extent in the deep waters of the Joplin district in their circulation

1 Thomsen, Julius, Notes on zinc sulphydrate: Chem. Gesell. Ber., vol. 11, pt. 2, p. 2044, 1878,

2 Béchamp, A., Recherches sur 1’état du soufre dans les eaux minérales sulfurées; essai sur ’une des
causes probables de 1a formation de ces eaux: Annales chim. et phys., 4th ser., vol. 16, p. 202, 1869. Quoted
by Chase Palmer in U. 8. Geol. Survey Bull. 340, p. 455, 1908. )

84551°—Bull, 606—15——4
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through the limestones would give opportunity for the action of
sodium sulphide or sodium hydrosulphide (and also of the alkaline-
earth sulphides and hydrosulphides) on zinc sulphide. These waters
contain, among other constituents, sodium chloride and hydrogen sul-
phide in relative abundance. The sodium chloride will be almost
completely ionized, but the weaker hydrogen sulphide will beionized
to a small extent only, the quantities of the nonionized compounds,
of the ion combinations, and of the free ions depending on the ioni-
zation constants of sodium sulphide and sodium hydrosulphide and
the concentrations of the original salts and on the solubility products
of the insoluble salts. We should expect a system to be formed
such as the following:

NaCl+Na* +CI +Na,S+ NaHS + HOlL+ H' +5™~ + H,S

If this solution percolating through the limestones encounters dis-
seminated zinc blende or galena, we should expect the sodium sul-
phide or the sodium hydrosulphide to link itself to the lead or zinc .
sulphide in some combination of double sulphides which is soluble
and thus carry it into the solution. When the solution eventually
reaches the surface a part of the nonionized or free hydrogen sul-
phide will escape. The concentration of the free hydrogen sulphide
having been thus lowered, equilibrium will be restored by the with-
drawal of a part of the ionized hydrogen sulphide from the sys-
tem, its withdrawal breaking up a part of the alkali sulphide and
hydrosulphide and resulting in the precipitation of zinc blende or
galena. In this, as in other reactions which depend on the partici-
pation of hydrogen sulphide, the effectiveness of the reaction will
vary as the quantity of hydrogen sulphide in solution, which may
undoubtedly be large in the deep waters, since the hydrogen sulphide
is set free in depth, where the water will have great capacity for
holding the gas in solution on account of the hydrostatic pressure.
As such solutions approach the surface, and the pressure grows less,
the hydrogen sulphide will escape, the result being a readjustment of
equilibrium by the splitting up of the soluble sulphides and the depo-
sition of the simple sulphides.

SOLUTION AND TRANSFER AS DISPERSED COLLOIDAL SULPHIDES,

Tolman and Clark * have recently presented experimental evidence
to show that hydrogen sulphide and carbon dioxide are very effective
dispersing agents for copper sulphides. Hydrogen sulphide and car-
bon dioxide are universally present in the deep-well waters of the
Joplin region, the latter in greater abundance than the former. If

1Tolman, C. F., and Clark, J. D., The oxidation, sclution, and precipitation of copper in electrolytic
solutions and the dispersion and precipitation of copper sulphides from colloidal suspensions, with a geo-
logic discussion: Econ. Geology, vol. 9, pp. 559592, 1914. Clark, J. D., A chemical study of the enrichment,
of copper sulphide ores: New Mexico Univ. Bull., vol. 1, No. 1, pp. 75-150, 1914,
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the dispersing power of these agents should be found to extend to
the sulphides of lead -and zinc, it would apparently offer a simple
method of explaining the transportation and deposition of the metals
. of the Joplin zinc and lead deposits, as we have only to conceive
the sulphides of those metals taken into colloidal suspension in the
underground water through the action of carbon dioxide and hydro-
gen sulphide, carried to the surface by the artesian circulation, and
there precipitated by the escape of the gaseous dispersing agents.

However, it remains to be seen whether the action exhibited in
the simple solutions used in Clark’s experiments is effective in such
heterogeneous mixtures of very dilute salt solutions as the deep
 waters of the Joplin region. Moreover, most of those waters are in
reaction nearly neutral, some being faintly acid and others faintly
alkaline. Clark! says that the dispersion of sulphides is least in
acid solutions and enormously greater in alkaline solutions. There-
fore, effects comparable to the maximum results of his experiments
are certainly not to be expected in the underground waters of the
Joplin region. The same author ? gives the results of several experi-
ments upon colloidal copper sulphide in a {74 normal solution
of potassium carbonate and potassium chloride. When hydrogen
sulphide was added the colloidal copper sulphide remained in sus-
pension, but when carbon dioxide was added to another portion
there was a clean-cut flocculation. Thus in an alkaline solution,
which is the most favorable for dispersion, carbon dioxide caused
flocculation. In the underground waters of the Joplin region, which
were dilute, nearly neutral, containing chlorides of the alkalies and
bicarbonates of the alkaline earths, and carbon dioxide in amount
exceeding the hydrogen sulphide, it seems doubtful whether metals
transported as dispersed colloidal sulphides have played any great
. part in the formation of the ore deposits. Other reasons leading
to the same conclusion are given on page 167. N

SOLUTION AND TRANSFER AS ZINCATES AND SULPHOZINCATES.

Soluble sodium zincate is formed by the action of an excess of
sodium hydroxide upon zinc sulphate, thus:
ZnSO0, + 2NaOH = Na,ZnO0, + H,S0,
The same compound may be formed by the action of sodium bicar-
bonate on zinc sulphide, thus:
ZnS +2NaHCO, =Na,Zn0, + H,S+2CO,
As-calcium bicarbonate is much more plentiful than sodium bicar-

bonate in the deep waters of the district, it will be more appropriate
to write the equation for the similar calcium zincate thus:

ZnS + Ca(HCO,),=CaZn0,+ H,S + 2CO,

1Tolman, C. F., and Clark, J. D., op. cit., p. 132. 2Idem, p. 141,
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Thomsen! noted that soluble sodium sulphozincate is formed by
the action of sodium hydrosulphide upon zine sulphate according to
the reaction:

ZnSO +4NaHS = Na,ZnS, + Na,S0, + 2H,S

It seems likely that sodium sulphozincate may be obtained dlrectly
from sphalerite by sodium hydrosulphide according to the equation:

ZnS + 2NaHS = Na,ZnS, + H,S

With the escape of hydrogen sulphide at the surface, the sodium sul-
phozincate would split up into sodium sulphide and zinc sulphide,
and the latter would be precipitated.

Similarly calcium sulphozincate may be derived from sphalerite
by the following reaction:

ZnS+ Ca(HCO,), + H,S=CaZnS, + 2H,0+ 2CO,

It will be shown later that sphalerite is dissolved as the bicarbonate
by the artesian circulation with the liberation of hydrogen sulphide.
Such a solution coming in contact with more sphalerite would fulfill
the first half of the equation last given, and it is therefore reasonable
to suppose that the metals may be in part transported-as zincates and.
sulphozincates.

As the solutions approach the surface some of the carbon dioxide
will escape, and in the subsequent readjustment both zincate and sul-
phozincate will -be broken up, zinc sulphide and calcium carbonate
(calcite) being deposited thus:

CaZn0, + H,S + CO, = ZnS + CaC0, + H,0
CaZnS, +H,0 4 CO, =ZnS + CaCO, + H,S

The deeper waters of the Joplin district circulating through the
dolomitic limestones of Cambrian and Ordovician age take up so
much magnesium that dolomite is to be expected rather than calcite °
‘as a result of the foregoing reactions. Calcite is a common gangue
mineral in the Joplin district, but dolomite is so generally an accom-
paniment of the zinc deposits that it has passed into a miner’s saying
that “Spar [dolomite] is the mother of ‘jack’ [zinc blende].” Hence,
a posteriori, one would be inclined to think the foregoing reaction
would be effective in the genesis of the Joplin deposits.

SOLUTION AND TRANSFER AS CARBONATES AND BICARBONATES.
FORMATION OF THE CARBONATES AND BICARBONATES.
The carbonates of the metals may be formed by reaction of the

sulphates of the metals with the earthy carbonates and bicarbonates,
as shown in a preceding section, or they may be formed by solution

1 Thomsen, Julius, Notes on zinc sulphydrate: Chem. Gesell. Ber., Vol. 11, pt. 2, p. 2044, 1878.
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of the sulphides in waters carrying carbonic acid accordmg to the
following reactions:

PbS+CO, +H,0=PbCO,+H,S
PbS+2C0, +2H,0 =Pb(HCO,), + H,S
ZnS +CO, + H,0=ZnCO,+ H,S
ZnS +2C0, +2H,0 =Zn(HCO,), + H,S

The carbonates of lead and zinc are soluble to a considerable extent
in water, but the bicarbonates of these metals are many times more
soluble than the carbonates. The experiments described below were
performed by E. C. Sullivan in the chemical laboratory of the United
States Geological Survey in order to obtain accurate data upon this
point:

A weight of 5 grams of zinc carbonate (Schuchardt puriss.) was stirred in 1 liter of
water several hours and filtered. The solution was evaporated and the zinc weighed
assulphate. The zinc sulphate found was equivalent to 0.0093 gram of zinc carbonate
per liter in water.

A weight of 5 grams of zinc carbonate (Schuchardt puriss.) was taken in 1 liter of
water, carbon dioxide was passed through, the mixture was stirred for some hours,
and filtered at 12° C. The solution was evaporated and the zinc weighed as zinc
sulphate. The sulphate found showed that 0.7797 gram of zinc carbonate had dis-
solved in 1 liter of water, equal to y% of the weight of the water. Bischof ! says that
water saturated with carbonic acid dissolves 4y of its weight of artificial carbonate
of zinc.

A weight of 0.5 gram of lead carbonate (c. p. Schuchardt) was taken in about 1 liter
of CO,-free water, the mixture stirred vigorously for one day and part of another and
filtered at 7° C., ammonium sulphate was added, hydrogen sulphide passed into the
solution, and the lead finally weighed as sulphate. The weight of the sulphate gave
0.0019 gram as the lead carbonate dissolved in 1 liter of water.

A weight of 0.5 gram lead carbonate (c. p. Schuchardt) was taken in about 1 liter of
water, carbon dioxide passed into the mixture, with stirring several hours daily for four
days; filtered at 13° C. Filtrate contained no chloride and no sulphate. Ammonium
sulphate was added, hydrogen sulphide passed into the solution, and the lead finally
weighed as sulphate. The lead found was equivalent to 0.0395 gram lead carbonate
per liter. :

. These results corroborate the data quoted from Pleissner and
Auerbach on pages 56-57 and show that, under the conditions of the
experiment, zinc bicarbonate is 83.8 times as soluble as zinc car-
bonate and that lead bicarbonate is 20.8 times as soluble as lead
carbonate. The value of the experiments with lead carbonate, how-
ever, is somewhat impaired by the greater length of time and the
higher temperature involved in the solution as bicarbonate. These
results indicate that, of the reactions mentioned at the beginning
of this section, those yielding the bicarbonates would be the ones
generally followed in the presence of a plentiful supply of carbon

1 Bischof, Gustav, Elements of chemical and physical geology (translated by B. H. Paul and J. Drum-
mond), vol. 1, p. 15, London, Cavendish Society, 1854
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_dioxide. TUnless there is an excess of carbon dioxide (or bicarbonate
radicle) over that needed to form normal carbonate, however, the
hydrogen sulphide will precipitate the metals as sulphides.

Chase Palmer! has found by experiment that zinc will not be
precipitated by hydrogen sulphide in the presence of sufficient
carbon dioxide. A similar reaction for iron was long ago suggested
by Peter,? who wrote:

It is remarkable in regard to these waters [of the Estill Springs], as well as those of
the Olympian Springs, and of several other springs of the State, that bicarbonate of
soda appears to exist, in the recent waters, in solution with bicarbonate of lime, mag-
nesia, and iron, even in the presence of a trace of sulphureted hydrogen. These sub-
stances being all held in harmonious solution by the excess of carbonic acid present,
when that gas escapes, however—as when the water is allowed to stand exposed to the
air, or is boiled—the earthy carbonates fall down as insoluble precipitates, along with
the iron which is thrown down as peroxide, or, in the presence of alkaline and earthy
carbonates and sulphureted hydrogen, partly as sulphuret of iron.

Buckley and Buehler ® recognize this reaction and cite it to account
for the deposition of pyrite in the Granby area, for hydrogen sulphide
will not precipitate iron in acid solutions and organic matter will not
reduce ferrous sulphate. Peale and Schweitzer are cited as giving
numerous analyses of waters that contain hydrogen sulphide, salts of
iron, and carbonic acid. Buckley and Buehler add:

The presence of this acid [carbonic acid] in excess will cause iron to be carried in
solution even in the presence of a large excess of hydrogen sulphide. * * *

In the Granby area it is thought that the presence of carbon dioxide in the oxidized
solutions carrying the iron salts was the cause of the retention of the iron. After
mingling with the alkaline solutions the iron was precipitated only after the carbonic
acid had been largely used in dissolving calcium carbonate.

A. M. Peter ¢ also, as a result of his work on the waters of Ken-
tucky, as set forth on pages 94-97, thinks that the zine, iron, and
lead, in alkaline-saline sulphureted waters are held in solution in the
presence of hydrogen sulphide by carbon dioxide, being precipitated
as sulphides on the escape of carbon dioxide at the surface.

The fact that carbon dioxide (CO,) or carbonic acid (H,CO,) can
keep zinc in solution in the presence of hydrogen sulphide can be
best understood by taking into account the principle of the “solu-
bility product.” The action is like that which occurs in analytical
routine when the metals of the copper and arsenic groups are pre-
cipitated by hydrogen sulphide from solutions acidified with hydro-
chloric or sulphuric acids, whereas metals of the zinc group remain
in solution. In a mixture of zinc sulphate or other sulphates of the

1QOral communication.

2 Peter, Robert, Third chemical report: Kentucky Geol. Survey, vol. 3, old ser., p. 246, 1854.

3 Buckley, E. R., and Buehler, H. A., Geology of the Granby area: Missouri Bur. Geology and Mines,
vol. 4, pp. 94-95 [1906]. .

4 Personal communication, under date of May 20, 1912,
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zinc group and hydrogen sulphide the action of these acids in pre-
venting the precipitation of zinc and its related metals depends on
the production of a sufficiently high concentration of the hydrogen
ion to keep the concentration of the sulphide ion below the point
where the solution can become supersaturated with zine sulphide.
Carbonic acid ionizes to a much less extent than the stronger acids,
but when it is in excess the concentration of the sulphide ion is smaller
than it would be in the same solution without carbon dioxide, and
consequently the conditions are such as favor the retention of the
zinc in solution.

Carles ? has shown that barium, as Well as strontium and lead, may
remain in solution as blcarbonate in the presence of sulphate ions.
He writes:

Researches made by us develop the fact that the waters of Neris-les-Bains contain
lead, copper, barium, lithium, fluosilicates, and fluoborates. Asthese waters are both
sulphated and alkaline-bicarbonated, the existence of soluble bicarbonate of barium
in the presence of alkaline sulphates hasbeen doubted. This contradiction of Berthol-
let’s laws surprised us at first, for we had supposed that the barium would be precipi-
tated by the.sulphate, even in the presence of bicarbonates. Heat and the pressure
of carbonic acid seemed to us to tip the balance in favor of the bicarbonates. As we
recognized, however, that we have never been able to establish this experimentally,
our former doubts persisted.

We recently learned that in the nelghborhood of Neris there were several fluorite
and even one barite quarry in operation. Analysis shows that the barite contains a
sensible proportion of fluosilicates. Its character being established, it occurred to
us to submit this barite to the chemico-geologic conditions indicated above, but under
a pressure of carbonic gas.

To this end we finely triturated several grams of it and boiled it for three hours in
water containing double the quantity of pure carbonate of soda. The solution then
contained undecomposed sulphate and fluosilicate of barium, carbonate of soda in
excess, and, as the result of their reaction, carbonate of barium, and sulphate and fluo-
sulphate of sodium. A few drops of phenolphthalein indicated the alkalinity of the
liquor. Itis certain that if we had added to the mixture an acid capable of dissolving
the carbonate of barium, the sulphate of soda would have rendered it entirely insoluble.

This mixture suitably diluted with water was put in a siphon for carbonated water
and supersaturated with carbonic acid by means of sparklets. At the end of 12 hours
the liquid passed through a filter was of irreproachable limpidity. '

At this stage it was divided into two equal parts, one of which was introduced into
long, narrow tubes and the other was placed in conical Bohemian flasks with very large
bases. In this way one of the two liquids had larger air surface and the other had
greater depth. The liquids remained thus for several days in the open air without
change, but toward the end of the third day the liquid in the flask with the large air
surface began to become turbid. In the deep and narrow tubes, on the contrary, tur-
bidity was produced only after about twice the time.

This detail seemed to us important enough to be noted both from the point of view
of conservation and of the handling of the bicarbonated waters at the spring.

In order to hasten the decomposition of these two liquids, they were put into a
water bath. The carbonic acid is very slowly released, and as a result a very manifest

1Stieglitz, Julius, The elements of qualitative chemical analysis, vol. 1, pp. 199-215, 1912.
2Carles, M. P., Présence de la baryte dans les eaux minérales sulphatées: Annales chim. anal., vol. 7, pp.
91-93, 1902.
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precipitate is formed. On close examination it was seen that there were two sub-
stances of unequal density. In reality analysis discloses first the carbonate of lime,
then carbonate of barium, and finally traces of strontium. The barium was in a
relatively notable-proportion-and sufficient to respond clearly to the reactions of the
sulphate of lime, sulphate of strontium, chromate of potassium, and finally to be
detected by the spectroscope.

Therefore it is indubitable that sulphated and bicarbonated waters with excess of
carbonic acid are capable of decomposing sulphate of barium and preserving soluble
bicarbonate of barium in the presence of alkaline sulphates.

It is extremely probable that the presence in these same waters of soluble bicar-
bonate of lead, strontium, and lime is the result of similar reactions.

These facts seem to us to be somewhat important from a hydrologic viewpoint.
They prove that we have not yet determined the end of the combinations made by
metals in bicarbonated waters.

SOLUBILITY OF LEAD CARBONATE IN WATER CONTAINING CARBON DIOXIDE.

The following data by Leitmeier ! show that the quantity of lead
carbonate soluble in water bears a definite relation to the quantity
of carbon dioxide in the water; in other words, in the presence of
carbon dioxide, lead carbonate goes into solution as the bicarbonate,
the quantity of which in solution is found to be proportional to the
concentration of the carbon dioxide.

Lead carbonate is only slightly soluble in water; but it becomes soluble with very
small quantities of CO,, which may be so small that they can not be detected in the
usual way, as established by Pleissner and Auerbach, to whom principally we owe
our knowledge of the solubility of PbCOz. Therefore the data of W. Bottger and H.
Kohlrausch regarding the conductivity and solubility of PbCO; in pure H,O are
rather uncertain since always small variable quantities of CO, were present.

If, as Pleissner and Auerbach ? have done, we assume a complete ionization of the
PbCO, solution, the solubility product is L=PbXCO;, in which Pb represents the
concentration of the lead as determined by analysis and COj; represents the concen-
tration of carboni¢ acid. The CO, concentration is reckoned according to the formula

7 k(HOO)?
¥ ky(H;00,)
in which %, and £k, are the dissociation constants of carbonic acid. Now if ¢, is the

carbonic-acid content of the original solution, then the CO4”” can be reckoned from the
equations

CO,

HCO, =2Pb
¢o+Pb *=H,CO,+(HCOy)

and

From these three equations a fourth may be derived:

. .3
L [$olubility product =4_Ickl—2 E(OPTb%)_

This equation shows the relation of the solubility of lead carbonate to the CO,
content of the original solution.
The authors give the following table for a temperature of 18° C.:

1 Leitmeier, H., Bleicarbonat, in Doelter, C., Handbuch der Mineralchemie, vol. 1, pp. 513-514; 1912
2 Pleissner and Auerbach, Uber die Loslichkeit einiger Bleiverbindungen, Berlin, 1907; cited by Abegg,
R., Handbuch der anorganischen Chemie, Bd. 3, Abt. 2, Leipzig, 1909.
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Ratio of solubility of lead carbonate to carbon dioxide content of original solution.

c ted CO Af%;ar equatllon
; : orrect 2| above,wiith
COq content, per liter. Pb content, per liter. concentration. | Pb content
reckoned on—
L=Pb-*XCO3".
Milli- Millimol co. | Milligrams [ yriye o Millimol ¢ | Millimol ¢’
g(r)sg;ls Aot co. Ph. m - per liter. per liter.
......... s 0.000 0.0002
0.0 0.000 175 0.008 (G400X10-14 .01l . .008
2.8 . 064 6.0 .029 11.9X10-14 075 .022
5.4 123 7.0 .034 7.7X1014 L1344 .028
14.4 .328 8.2 .040 3.8X10-14 .339 .039
26.0 .592 9.9 .048 3.5X10-14 .603 047
43.5 .988 10.9 . 053 2.9X10-14 .999 : .057
106 2.40 15.7 .076 3.2X10-14 2.41 .076

L [the solubility product] shows a strikingly high figure in solutions containing little
CO,; hence the authors concluded that in these solutions the content of CO, was
greater than that shown by the analysis. With higher concentration this value does
not hold (as may be seen from the table) and the average of the four last determina-
tions may probably be taken as the true figure of the solubility:

L=3.3X10™"

From this the solubility of PbCO, in absolutely CO,-free water may be reckoned at
0.0002 millimol {or 0.4 milligram] per liter.

SOLUBILITY OF SPHALERITE AND GALENA IN SOLUTIONS IMITATING THE DEEP
WATERS.

The original character of the deep waters of the Joplin district
having been established by analyses of well waters in Missouri,
Kansas, and Oklahoma drawn from the same horizon as those of
the Joplin district but impounded beneath the Pennsylvanian shales,
it became desirable to ascertain quantitatively the solubility eﬁect
upon sphalerite of each of the different constituents of the deep
waters and the solubility effect of the combination of these constit-
uents of the natural waters as compared with the effect of distilled
water. The deep waters are salt, sulphureted, and carbonated.
Common gangue associations of the sulphides are limestone, calcite,
and dolomite. To reproduce the conditions of nature as exactly as
possible, finely powdered sphalerite intimately mixed with finely
powdered calcite was tested for solubility with .a dilute solution of
sodium chloride, with a saturated solution of hydrogen sulphide, with
a saturated solution of carbon dioxide, and finally with a combina-
tion of these solutions. The experiments were made in the chemical
laboratory of the United States Geological Survey by R. C. Wells,
whose discussion of methods used and results obtained is as follows:

A determination of the solubility of sphalerite in water by Weigel ! gave the value.
6.63X107® mol ZnS per liter at 18° C., equivalent to 0.00043 gram Zn. This value

1 Weigel, Oskar, Die Loslichkeit von Schwermetallsulfiden in reinem Wasser: Zeitschr. physxkal
Chemie, vol. 58, pp. 293-300, 1907.
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is the solubility calculated from the electric conductivity of a solution of sphalerite
obtained by repeatedly washing the sphalerite with ‘“‘conductivity” water.

It was desired to determine the solubility of sphalerite in several salt solutions in
the presence of calcite. The method of electric conductivity would not be applica-
blein such a case, so that a direct method was resorted to. This consisted in allowing
the solution under investigation to flow very slowly through a tube, 1 centimeter in
diameter and 80 centimeters long, filled with powdered sphalerite and calcite, under
40 mesh, and closed with glass wool, which effectually filtered the solution. With a
head of about 250 centimeters the flow was about 200 cubic centimeters a day, a rate
of flow which was probably sufficiently slow to allow saturation to be attained.

Two preliminary experiments were made without taking special precautions to
exclude air from the solutions flowing through the tube. In the first experiment
water alone was used, in the second experiment water saturated with carbon dioxide.
These two experiments gave, respectively, per liter, with water alone, 0.0003 gram
zinc; water with carbon dioxide, 0.0051 gram zine. -

Of course, under these conditions, there may have been some oxidation of the
sphalérite. Accordingly in the remaining experiments the solutions were carefully
protected from access of air. Boiled water was rapidly cooled, then saturated with
the desired gases and preserved in a reservoir whose atmosphere was supplied by a
generator of the gas under investigation, or hydrogen. Thus.air was practically
excluded from all the substances concerned in the experiment. In the four following
experiments the solutions passed over the sphalerite and calcite were (1) water con-
taining 1 gram of sodium chloride per liter, (2) water saturated with hydrogen sul-
phide, (3) water saturated with carbon dioxide, and (4) water containing all these
substances. The quantities of zinc found per liter are given below. There is also
added an approximate determination of the calcium. The solutions were at a mean
temperature of about 23° C. From 1 to 2 liters were used in each experiment and
evaporations were conducted in platinum.

Solubility of sphalerite and calcite in certain solutions.

Solution. . Zinc. Calcium.
. Gram, Gram.
1. Sodium chloride..... .. 0.00015 0.015
2. Hydrogen sulphide. . .. .00028 .12
3. Carbon dioxide. .. .. . 00097 .24
4, Allthree. ... ..o e e eeeaseeeeeansaieaeesaeateanenen . 00057 .31

The quantity of zinc found in the dilute solution of salt is less than that found by
Weigel in pure water. This discrepancy may be due to the difference in method
of determination or, as seems more probable, the calcite may have retained the zinc
as basic carbonate. Itisnot known whether the basic carbonate of zinc is less soluble
than sphalerite or not. As for the other determinations, it appears that the presence
of hydrogen sulphide increases the solubility of zine, possibly by forming a hydrosul-
phide, as well as by carrying the calcium into solution. Carbon dioxide acts similarly,
but to a greater extent. A mixture behaves in an intermediate way.

In a separate experiment some boiled water was saturated with carbon dioxide and
allowed to stand 5 months, with occasional agitation, in a tightly closed bottle with

calcite and sphalerite. The solution then gave on analysis:
Gram per liter,

Free carbon dioxide. . .... P 0.374
CalCiUm. . ..t . 285
/72 VR . 0034

It was desired to determine what effect, if any, dolomite would have upon the
solubility of the sphalerite. Experiments similar to those made with a long tube
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described above were accordingly made, dolomite being used in place of calcite.
Three solutions were investigated—(1) water alone, (2) water saturated with carbon
dioxide, (3) water saturated with hydrogen sulphide. The solubilities found were as
follows, in grams per liter:

Solubility of calcite, dolomite, and sphalerite.

G i Mag- i
Solution. v Caleium. nesinm. Zinc.
- P
I 7 e 0.0059 {  0.0009 Trace.
2. Carbon AioXide. - ... oo .130 . 051 0.0002
3. Hydrogensulphide. ...... . ... i . 204 .070 .00028

These results show about the same order of solubility as the first ones. They have
not much quantitative value, as in the first place the quantities of zinc were very
gmall for weighing and in the second place the results would evidently depend
somewhat on the length of the tube. It is evident that both carbon dioxide and
hydrogen sulphide increase the solubility of sphalerite under the conditions obtain-
ing in the experiments. No doubt the solutions that came through the tube were not
saturated with the gases even if they started in that condition, so that the equilibrium
reached must have been one somewhat between that corresponding either to an excess
of calcite or an excess of the gases. The fractional removal of the calcium from the
magnesium. is also indicated in the last experiments. '

In order to obtain greater accuracy another set of experiments was
undertaken by Wells, in. which he used much larger quantities of
solution, so that the quantities of zinc obtained in solution should,
when precipitated, be easily weighable. In a-duplicate set of ex-
periments galena was substituted for sphalerite to determine the
relative solubilities of the two minerals under the different conditions
of the experiments. The results are discussed by Wells as follows:

The term ‘‘solubility ” is used with various meanings, two of which it may be well
to distinguish before the experiments that follow are described. In a rather loose
sense, sphalerite and galena may be said to be soluble in atmospheric water under
ordinary conditions at the surface of the earth; but actually before appreciable
solution can be effected under these conditions the sulphides are oxidized and the
compounds that go into solution are likely to be the very soluble sulphate of zinc
and the sulphate of lead. In other words, the solution is effected through a radical
chemical change in the initial substance, and this substance can not again be obtained
in solid form by mere concentration of the solution. In a stricter sense a substance is
soluble in a given solvent when its constituents are present in the solution in such
form that the original substance may be obtained again in the solid form by concentra-
tion. It is this kind of solubility that was in mind in the following experiments.

Let us consider first the solubility of sphalerite. In accordance with the concep-
tion of the solubility product a solution of sphalerite may hold a zinc content vary-
ing anywhere from practically nothing up to perhaps a gram of zinc per liter, the
quantity depending on a similar inverse variation in sulphide content. The sulphide
ion content in turn depends on both the total sulphide content and the acidity of the
golution. In the following experiments it was sought to imitate natural conditions
by fixing the acidity of the solution by an excess of dolomitic limestone; that is, the
acidity could not exceed if it could equal that of a solution saturated with carbon
dioxide or hydrogen sulphide. The Ca:Mg ratio of this dolomite was 1:0.73.
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Experiment 1. Eighteen liters of distilled water were agitated in a large carboy for -
several days with a little powdered iron for the purpose of removing all oxygen.
About 20 grams of sodium chloride (to prevent colloidal effects) and 10 grams of
powdered sphalerite were then added. The carboy was sealed, rotated for half a
day, and then allowed to stand a week. After filtering, the solution appeared neu-
tral to phenolphthalein but somewhat alkaline to methyl orange; that is, it was
practically neutral. Evaporated, 17.6 liters gave 0.39 gram FeO, 0.39 gram CaO,
0.0008 gram MnOQ, and 0.0006 gram ZnO. This is 0.000027 gram Zn per liter, a value
which represents, in my opinion, a maximum for the zinc content of a solution of

- sphalerite in practically neutral water.

Experiment 2. Eighteen liters of water were saturated with hydrogen sulphide.
Twenty grams of sodium chloride, 50 grams of dolomite, and 10 grams of sphalerite
were added, and the introduction of hydrogen sulphide continued for several days.
After rotation and standing as in the previous experiment the solution was found to
contain 1.03 grams H,S and 0.000019 gram Zn per liter. Briefly, the quantity of zinc
was not appreciably different in the solution containing hydrogen sulphide from that-
obtained in the first experiment.

Experiment 3. In this experiment no special precautlons were taken to free the
water entirely from oxygen; in consequence some zinc sulphate may have been
formed by oxidation of the sphalerite. It was expected that, if formed, this would
react with the dolomite to produce a basic carbonate of zinc. The experiment was
really therefore a determination of the solubility of the basic carbonate .of zinc.
Eighteen liters of water were taken, 20 grams of sodium chloride, 15 grams of dolo-
mite, and 10 grams of sphalerite. By the same process employed in the other experi-
ments the solution finally gave 0.00008 gram Zn per liter, a value very nearly of the
same order as the solubility of zinc sulphide in water.

Experiment 4. The conditions were similar to those last described except for the
introduction of carbon dioxide in excess. As before, it was expected that if much
zinc sulphate were present it would give zinc carbonate as the solid phase and zinc
bicarbonate in solution. The products obtained from 15.6 liters were 15.6 grams
CO, (existing as 10.6 grams free CO, and 5.0 grams bicarbonate radicle), 1.95 grams
020, 1.29 grams MgO, 0.0661 gram ZnSO,. This is 0.0017 gram Zn per liter. The
increased content of zinc due to the carbon dioxide, 0.0017 compared with 0.00008,
is clearly shown. The part played by the sphalerite in this experiment may have
been to furnish some zinc sulphate through oxidation or in addition it may have
reacted with the carbon dioxide to form some zinc bicarbonate and hydrogen sulphide,

Experiments 5, 6, 7, and 8. Experiments exactly similar to these above were
made, galena being used in place of sphalerite. The quantity of lead found in every
experiment was too small to admit of analytical determination, although hydrogen
sulphide produced a cloud in all the concentrates, that produced in the solution
which had contained an excess of carbon dioxide being distinctly heavier than the
others. Presumably these faint precipitates were due wholly to lead, but this pre-
sumption could not be positively established. It is evident that galena is appre-
ciably less soluble than sphalerite—so insoluble, in fact, that 18 liters of a neutral
solution do not contain as much as 0.1 milligram of lead. Knox ! has given for the
solubility product of lead sulphide the value 2.6)X10~%*; but Stieglitz 2 has pointed
out that the true value is probably much smaller than this. The solubility relations
of lead carbonate in the presence of an excess of carbon dioxide have been more
completely studied by Pleissner and Auerbach, whose results leave nothing to be
desired. (See pp. 56-57.) '

‘ 1Knox, Joseph, A study of the sulphur anion and of complex sulphur anjons: Faraday Soc. Trans.,
vol. 4, p. 44, 1908.

2 Stieglitz, Julius, The elements of qualitative analysis, pt. 1, p. 212, 1911.
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PRECIPITATION AS SULPHIDES.

PRECIPITATION BY EYDROGEN SULPHIDE.

Among the suggested precipitants of the sulphides which may be
regarded as having been efficient in the Joplin region are hydrogen
sulphide, thiosulphates, and organic matter. The most effective of
these is undoubtedly hydrogen sulphide, which i is present in greater
or less quantity in practically all the deep waters of the region. It
is released in the formation of carbonates and bicarbonates of the
metals by the action of carbonic acid (H,CO,) upon the sulphides of
the metals, as shown in the reactions indicated in the foregoing pages.
It is freed also in the formation of calcium and sodium zincates and
sulphozincates by the action of sodium and calcium carbonates and
bicarbonates upon zinc sulphide. It is therefore a by-product of the
solution of the disseminated sulphides according to those reactions
which are believed to have been the most efficient in the segregation:
of the ore deposits. Hydrogen sulphide may also, to some extent,’
have been liberated by the hydrolytic action of the ground water on
pyrite, as indicated in experiments made by Clark.!

By these reactions hydrogen sulphide is liberated in equivalents of
the metals taken into solution and is carried along in the solution of
the metals by the artesian flow of the underground circulation until
it reaches the surface, where the carbon dioxide escapes and the
hydrogen sulphide precipitates the metals as sulphides. _

A fact which has an important bearing on the concentration of the
carbon dioxide in solution in the underground water and on the quan-
tity which may escape at the surface is that meteoric waters entering
the artesian circulation upon the crest of the Ozark uplift carry dis-
solved oxygen. This will react with the iron pyrites disseminated
through the rocks, liberating sulphuric acid according to this equation:

FeS, +70+H,0 =FeSO, + H,SO,

The free sulphuric acid attacks the limestones through which the
water circulates, resulting in the formation of calcium sulphate and
carbon dioxide, thus: '

H,80, + CaC0, = CaS0, + H,0 + CO,

In their journey downward and outward through the Cambrian and
Ordovician limestones the waters thus become more and more acid
through the liberation of carbon dioxide, the concentration of which
rises higher and higher with increase in depth. The carbon dioxide
liberated in the deep underground water, which is under hydrostatic
pressure, goes into solution in that water in much greater volume

. 1Clark, J. D., A chemical study of the enrichment of copper sulphide ores: New Mexico Univ, Bull.,
vol. 1, p. 115, 1914,
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than in water at surface pressure. When the waters finally rise to
the surface, the pressure of the carbon dioxide is lowered and it
escapes into the atmosphere. The acidity of the water is thereby
decreased and the hydrogen sulphide present becomes able to pre-
cipitate the metals as sulphides, the reverse of the action described
on pages 54-55 in the discussion of the solution of zinc sulphide as
bicarbonate in the presence of carbon dioxide in excess.

PRECIPITATION BY THIOSULPHATES.

Stokes ! has shown that pyrite and marcasite are decomposed by
circulating alkaline waters with the formation of alkali sulphides and
thiosulphates. Allen * and associates precipitated zinc sulphide from
sulphate solution by the action of sodium thiosulphate at a tempera-
ture of 100° C. Thiosulphate radicle was found by Wells in the water
from the Church mine and by Failyer and Willard in water from the
well at Columbus, Kans. (Analyses Nos. 18 and 5 in synoptical table,
p. 149). It was also recognized by Hillebrand in water from the
Federal Loan mine (No. 81 in the table) and from the Black Prince
mines, in California. It was found by Headden in the Doughty
Black Spring (No. 6 in the table) in Colorado, and by Waring in the
Johnson well (No. 106 in the table) in Texas. Thiosulphate is seldom
tested for in commercial analyses, and is undoubtedly more common .
in the deep waters of the Joplin region than the analyses indicate.
It therefore may have contributed to the precipitation of the sulphide
ore bodies of the region by reactions analogous to the following,
cited by Allen:

ZnS0, +4Na,S,0,=7ZnS +4Na,SO, +4S
The free sulphur that gives the milky bluish color to the deep-well

waters stored in the reservoirs may be due in part to sulphur set free
in the foregoing reaction as well as to sulphur freed by the oxida-
tion of hydrogen sulphide, thus:

HS+0=H,0+8
PRECIPITATION BY ORGANIC MATTER.

The reduction of sulphates by organic matter, though generally
accepted as a fact, does not seem to have been actually demonstrated
by any experiment yet reported that negatives the possibility of
the evolution of hydrogen sulphide from organic matter by the agency
of bacteria or even the possibility of the direct reduction of sulphates
by sulphur bacteria. The writer has been orally informed by Dr.
E. T. Allen, of the Geophysical Laboratory of the Carnegie Institu-
tion, by Prof. H. A. Buehler, of the Missouri Geological Survey,

1 Stokes, H. N., Fxperiments on the action of various solutions on pyrite and marcasite: Econ. Geology,
vol. 2, pp. 14-15, 1907. ) .

2 Allen, E. T.,and Crenshaw, J. L., The sulphides of zinc, cadmium, and mercury; their crystalline forms
and genetic conditions: Am. Jour. Sci., 4th ser., vol. 34, pp. 351, 352, 1912,
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and by Dr. Chase Palmer, of the United States Geological Survey,
that they have not succeeded in reducing sulphates by organic
matter. Clark ! put cupric sulphate, ferrous sulphate, sulphur diox-
ide, and powdered coal in a flask, which was shaken daily for 122
days, but there was no formation of copper sulphide at the end of
the experiment, from which he concludes that carbon alone would
not precipitate the sulphide. Hoppe-Seyler ? describes the reduction
of a sulphate by nascent methane (CH,) derived from the fermentation
of cellulose, but the fermentation was probably caused by bacteria,
and hydrogen sulphide may have been thus evolved in and have
caused the reduction of the sulphate. Hydrogen sulphide is plentiful
in certain Russian lakes and seas, cited by Stutzer,® which do not have
an effective vertical circulation. In the water of Wiessowo Salt
Lake, for instance, there is 30 times as much hydrogen sulphide at a
depth of 61.3 feet as at a depth of 52 feet. In the Black Sea there
is about 20 times as much hydrogen sulphide at a depth of 8,000 feet
as at a depth of 700 feet. This hydrogen sulphide results from the
reduction of sulphates in the sea water by products of the decompo-
sition of organic substances on the sea floor, through the action of
anaerobic bacteria. According to Murray and Irvine* this decomposi-
tion takes place in two stages, represented by these reactions:

MgSO, +2C =2C0, + MgS
MgS + €0, + H,0 =MgCO, + H,S

No laboratory proof is given that the sulphate is actually reduced
by the organic- matter as indicated in the first reaction. It may be
noted in passing that although ferrous sulphide is of common occur-
rence in deep-sea sediments, iron disulphide has been recognized
from such deposits in the Black Sea alone, where it occurs as minute
rods of pyrite [marcasite ?].

Allen, Crenshaw, and Johnson® have shown that ferrous sulphate
can not be reduced to the disulphide by the action of organic matter,
though they find that hydrogen sulphide will reduce ferric sulphate
to the disulphide in two stages as follows:

- Fe,(S0,), + IS =2FeSO, +H,80,+5
FeSO, +S+H,S = FeS, + H,S0,

In oxidized solutions some of the ferrous sulphate will be oxidized to
ferric sulphate, thus:

6FeS0, +30 =2Fe,(S0,),% Fe,0,

1Clark,J. D., A chemical study of the enrichment of copper sulphide ores: New Mexico Univ. Bull.,
vol. 1, No. 2, p. 117, 1914.

2 Zeitschr. physiolog. Chemie, Band 10, p. 401, 1886, cited from Stutzer, O., Die wichtigsten Lagerstétten
der “Nicht-Erze,” p. 258, 1911.

8 Stutzer, 0., Die wichtigsten Lagerstiitten der ‘Nicht-Erze,” p. 260, 1911,

4 Murray, John, and Irvine, Robert, Roy. Soc. Edinburgh Trans., vol. 37, p. 496, 1895.

8 Allen, E. T., Crenshaw, J. L., and Johnson, John, The mineral sulphides of iron, with erystallographic
study by E. S, Larsen: Am. Jour. Sci., 4th ser., vol. 33, pp. 174-173, 1912. ~
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Any natural water containing iron sulphate will contain also sul-
phates of the alkaline earths and perhaps also sulphates of the
alkalies. Schweitzer ! quotes T. Sterry Hunt ? as authority for the
statement that when water containing calcium sulphate and carbon
dioxide comes into contact with organic matter hydrogen sulphide

is formed, thus: .
’ CaS0, +CH,=CaS+CO,+H,0
CaS +CO, +H,0=CaC0, + H,S

Schweitzer says:

This action is so well established that in bottling waters containing much carbonic
acid and calcium sulphate great care must be exercised not to let fibers of straw or
similar organic matter get into the bottles, since in such case sulphureted hydrogen
would be sure to make its appearance..

Bischof * also notes the decomposition of alkaline and earthy
sulphates by carbonaceous substances, with the formation of sul-
phides and hydrogen sulphide, especially in mineral waters which
have remained in corked bottles for some time. He hermetically
sealed several bottles of mineral waters, containing a notable quantity
of sulphate of soda as well as iron in solution, to which he had added
a small quantity of sugar. After standing three and one-half years
there was complete reduction of the sulphate of soda, with the evolu-
tion of hydrogen sulphide and deposition of a flocculent black
powder which, as shown by analyses, ‘“had nearly the composition
of iron pyrites.” ’

Stutzer * uses reactions similar to the foregoing to account for the
hydrogen sulphide which by oxidation has formed native sulphur
deposits. _

Therefore, whether or not the sulphates of the metals are reducible
by organic matter, when the solutions containing sulphates come into
contact with shales rich in deeomposable organic matter there will
be formed hydrogen sulphide, concerning the ability of which to pre-
cipitate the metallic sulphides there is no question.

The fact that charcoal reduces gold cyanide solution-and pre-
cipitates metallic gold has long been known. Clennell °® says: -

No satisfactory explanation of the reaction has yet been given. It hasbeen alleged
tobe due to occluded hydrogen, or hydrocarbons contained in the pores of the charcoal.

The method has been used in several small plants in Victoria, Austraha, on a working
scale. )

1 Schweitzer, Paul, The mineral waters of Missouri: Missouri Geol. Survey, vol. 3, pp. 4, 10, 1892.

3 Hunt, T. Sterry, Chemical and geological essays, 2d ed., pp. 99, 230, 1878.

3 Bischof, Gustav, Elements of chemical and physical geology (translated by B. H. Paul and Dr.
J. Drummond), vol. 1, pp. 15, 163, London, Cavendish Society, 1854.

4 Stutzer, 0., Die wichtigsten Lagerstitten der “Nicht-Erze,” p. 258, 1911

5 Clennell, J. E., The cyanide handbook, p. 308, New York, 1910.



GENESIS OF THE ORES. 65

Recent work by Green! indicates that the occluded gas chiefly
effective in the reduction is carbon monoxide, with a minor quantity
of hydrogen. It Seems not unreasonable to conclude that the
precipitating action of carbonaceous shales on the ore solutions
may be due in part to such occluded gases. Shales rich in carbona-
ceous matter are laid down under conditions unfavorable to complete
oxidation, and the gases mentioned may be among those formed and
adsorbed by the shale.

As has been pointed out in the preceding pages, the sulphate is not
the only form in which the sulphide of a metal is taken into solution
and transported; in fact in the deeper circulation and in the ascending
currents soluble forms like the bicarbonates, the zincates, and the
" double sulphides are believed to be relatively much more effective
than the sulphates in removing the disseminated sulphides and trans-
porting them to the surface. As deposits of the metallic sulphides
are common in the Joplin district in such relation to bodies of shale
as to indicate that they were deposited from ascending solutions and
were precipitated through influence of the shale, it becomes important
to inquire how the organic matter of the shale may cause precipitation :
of sulphides. The reducing power of organic matter has, of course,
been recognized and reactions have been written ? which involve the
carbonates of the metals, the sulphates of the alkaline earths, and the
carbon of organic matter, and indicate the prcmpltatlon of metallic
sulphides, thus:

ZnCO, +CaS0,+2H,0 +2C=ZnS + CaCO, + 2H,CO,

The changes involved in this reaction take place in three stages,

thus:
CaS0,+2C=CaS+2CO,

CaS+C0, + H,0=CaC0, +H,S
7ZnC0, +H,S = ZnS + H,C0,

It is therefore essentially a reduction of calcium sulphate by
organic matter to obtain hydrogen sulphide for a precipitant of the
zinc, with carbon dioxide as a by-product of the reaction. As has
been pointed out, an excess of carbon dioxide will hold zinc in solution
in the presence of hydrogen sulphide. Since the lead and zinc
bearing deep waters of the district, as shown by the analyses given
on pages 124-140, are already carbonated and sulphureted, it is not
probable that the sulphides will be precipitated from the deeper
waters of the district by. the foregoing reaction.

t Green, Morris, The effect of charcoal in gold-bearing cyanide solutions with reference to the precipitation
of gold: Inst. Min. and Met. Trans., vol. 23, p. 77, 1914.
2Jenney, W. P., The chemistry of ore depocmon Am. Inst. Min. Eng Trans., vol. 33, p. 450, 1903.

84551°—Bull. 606—15 5
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If, however, the reducing power of the organic matter be considered
as applying directly to the zinc carbonate, the following reaction is
very probably obtained, CH, being used as a representative hydro-
carbon: ,
' 27ZnCO, + 2H,S + 2C=2ZnS + CH, + 3CO,
or with the bicarbonate thus: »

2Zn(HCO,), +2H,S 4+ 3C=2ZnS + CH, + 2H,0 + 6CO,
and with the zincate thus:
CaZnO,+2H,S + 2C=ZnS + CaS + CH, + CO,

In case the zinc be carriéd as the sulphozincate, it does not appear
that the organic matter of the shale will have any influence on the
splitting up of the complex sulphide, that only happening when the
excess of hydrogen sulphide and carbon dioxide escape at the surface.

SUMMARY OF CHEMISTRY OF LEAD AND ZINC SOLUTIONS.

It has been shown that the metals disseminated as sulphides may
be taken into solution and transported as sulphates, as chlorides, as
osulphides and hydrosulphides, as zincates and sulphozincates, and as
carbonates and bicarbonates. Anticipating a little, it may be
stated at this point that the writer, while recognizing all these as
possible forms of transportation, each of which has doubtless been
effective at times, nevertheless believes that the great mass of the
ores has been transported as bicarbonates. He conceives that the
metals, which were disseminated as sulphides through the limestones
and dolomites, were taken into solution as bicarbonates by the
alkaline-saline water containing dissolved carbon dioxide, according
to reactions like the following:

ZnS +2C0,+2H,0 =Zn(HCO,),+ H,S

This solution, incorporated into the artesian circulation, even-
tually rose to the surface, where the carbon dioxide escaped and the
metals were again precipitated as sulphides by the equivalent of
hydrogen sulphide resulting from their solution as bicarbonates
and still remaining in the circulation. If the metals were in part
carried in solution as double sulphides they, too, would be deposited
on the escape of the hydrogen sulphide at the surface, or on its being
used up in the precipitation of the metals in solution as bicarbonates.

SOURCE OF THE METALS.
METALS IN IGNEOUS ROCKS.
RESULTS OF CHEMIC‘AL ANALYSES.

Winslow?! has adequately summarized the earlier investigations
bearing on the occurrence of lead and zinc in igneous rocks, in sedi-
ments (both shales and limestones), and in sea water. In brief, lead

tWinslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol. 6, pp. 30-33, 1894.
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and zinc are found commonly in minute quantities in all these. Clarke
and Steiger® give the lead and zinc content of a composite made up
of 329 samples of igneous rocks which have been analyzed in the
United States Geological Survey’s chemical laboratory, as follows:

Lead and zinc content of a composite sample of igneous rocks.
[George Steiger, analyst.]

NiCKel (N3] e e et e e e et 0. 00515
Arsenic (A8)............. S . 00048
Copper (Cu) ..ot . 00932
Lead (Pb) ettt e . 00075
ZANC (2N e ettt e . 00513

Clarke and Steiger?® say:

In a series of 36 igneous and metamorphic rocks of British Guiana, Harrison found a
mean percentage of 0.025 copper. In 23 of his samples lead was also sought for, and
detected in 5 of them, the maximum amount being 0.02 per cent. In a typical speci-
men of the Columbia River basalt Wells found 0.034 of copper, and the same quantity
was determined by Jensen in an andesite from Fiji. In the porphyries of Leadville,
Colo., Hillebrand was able to determine lead. Out of 18 samples, taken at points
remote from ore bodies, the average amount found was 0.002 per cent of PhO: One
porphyry also yielded 0.008 per cent of zinc oxide, and a rhyolite contained 0.0043 per
cent. ‘

- Winslow? gives the results of the determination in duplicate of
copper, lead, and zinc in four igneous rocks from southeastern
Missouri by J. D. Robertson, using large quantities of material.
These figures are given in detail on page 78.

Finlayson?® gives the following determinations of the lead and zinc
content of a number of both igneous and sedimentary rocks of Great
Britain. The large-quantity methods of Hillebrand and of Robertson
were used.

Lead and zinc content of igneous and sedimentary rocks from Great Britain.

Locality. Lead. Zinc.
Igneous rocks:
Granite.. ..| Foxdale 0.004 0.005
.| Threlkeld... 003 .01
004 .001
002 .002
003 .0005
001 .001
0025 . 000
006 002
0255 0125
0032 0016
001 .000
0005 .0015
001 . 0005
0015 .001
Total.. . e . 004 .003
AVeIage. ..ot eeeaeans .001 . 00075

1Clarke, F. W., and Steiger, George, The relative abundance of several metallic elements: Washington
Acad. Sci. Jour., vol. 4, p. 60, 1914.

2Winslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol. 7, p. 479, 1894.

3Finlayson, A. M., Problems of ore deposition in the lead and zinc veins of Great Britain: Geol. Soc.
London Quart. Jour., vol. 66, p. 301, 1910.
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Finlayson?! says:

The foregoing analyses, like those of Luther Waggner for gold and silver in rock
at San Francisco,? show a higher percentage of metals in the igneous than in the sedi-
mentary rocks, suggesting the conclusion that the metals in the later rocks have been
derived by denudation from the older igneous and crystalline rocks.

That the igneous rocks are the ultimate source of the metals in
general, including those disseminated through the limestones, will
be generally admitted. '

SOLUTION OF THE METALS FROM THE CRYSTALLINE ROCKS AND THEIR

TRANSPORTATION TO THE SEA.

The metals are included in the igneous rocks probably in part as
small disseminated particles of the sulphides and probably in part
as integral constituents of the minerals, chiefly silicates, which make
up the rocks. The metals are freed from their environment mainly
by the decomposition and erosion of the rocks, the sulphides of the
metals being oxidized to the sulphafes, which are easily soluble in
the ground waters, and the silicates of the metals being decomposed
"~ and taken into solution, principally as bicarbonates. The metals
in the rocks below the immediate surficial zone may be in part taken
into solution by the ground water circulating in deeper joints and
crevices of the rocks, being transported chiefly as bicarbonates.

The transfer of the metals by streams as sulphates may be indicated
by the significant observations of Dr. E. H. S. Bailey® on the com-
parative zinc and sulphate content of the water of Spring River in
Missouri and Kansas at different stations above In, and below the
Joplin zinc and lead fields.

The essential parts of the analyses made by Baﬂey are included in
the following table:

Partial analyses of water of Spring River at places in Missouri and Kansas.

[In parts per million. E. H. S. Bailey, analyst.)

Sulphate Total
Station and date. Calcium. | radicle Zine. o

g (S0%) solids.
1. Carthage, Mo., Mar. 7,1904_ . ......coooveeiiiiiiiiiiii... 50.0 25.0 | Undet. 178.0
2. Badger, Kans., Mar. 31, 1905.. ... ... oooeooees 52.6 70.0 16.2 279.6
3. Above dam at LoWell kans Mar. 30, 1905.. 42.2 157:2 3.7 228.0
4. Below dam at Lowell, Kans., Mar 30, 1905. . 40.4 19.0 10.0 179.0
5. Baxter Springs, Kans , Apr. 5-15 1907..... Ll 68.0 72.0 | Undet. 250.0

Between stations 2 and 3 Shawnee Creek empties into Spring River
from the northwest, draining an agricultural country. Between

tFinlayson, A. M., op. cit.

2Wagoner, Luther, The detection and estimation of small quantities of gold and silver: Am. Inst. Min.
Eng. Trans., vol. 31, pp. 809-810, 1901.

8 Bailey, E. H. 8., Preliminary report on stream pollution by mine waters in southeastern Kansas: U. 8.
Geol. Survey Water-Supply Paper 273, pp. 349-361, 1911.



GENESIS OF THE ORES. 69

stations 3 and 4 Shoal Creek enters from the east, carrying 67.2 parts
calcium per million, 15.6 parts sulphate radicle (SO,), 11 parts zinc,
and 198.8 parts total solids. The influence of the stretch of quiet .
water above the Lowell dam, between stations 2 and 4, on the total
solids is recognizable, for they decrease through that stretch. As a
whole, the results are less convincing than they would be had the
samples been taken consecutively downstream so as to insure nearly
similar conditions for sampling. Determinations of zinc at stations
1 and 5 would have added to the value of the data.

Bailey says:?!

Since the zinc seems to diminish in quantity, the question arises whether this
diminution is due merely to dilution with waters of other streams or to precipitation -
by calcium and magnesium carbonates in solution in the water. As there still remains
in the water at Lowell more SO, than is found in the water in the upper part of the

course of the stream, it would seem to indicate that much of the zinc had been precipi-
tated, otherwise it would have increased proportionately with the sulphates.

Bailey concludes that the zinc has been precipitated as the car- '
bonate by reaction with the calcium and magnesium bicarbonate in
solution in the water thus:

7180, + Ca(FL,CO,), = ZnCO, + CaS0, + H,0 + CO,

Apparently the metal may take any one of four possible courses when
zinc sulphate is added to stream water containing calcium bicarbonate
in solution. It may continue in solution as the sulphate; it may be
precipitated as the carbonate according to the foregoing reaction; it
may react with the calcium bicarbonate and remain in solution as
zinc bicarbonate; or it may be reduced from the sulphate and precip-
itated as the sulphide by hydrogen sulphide in the stream. The very
small quantity of sulphate radicle (SO,) at station 4, below the Lowell
dam, seems to indicate that the reducing reaction last mentioned is
notably effective in the stagnant water above the dam. Such zine
bicarbonate as is formed will remain in solution unless the solution
encounters hydrogen sulphide, in which case the zinc will be precip-
itated as the sulphide.

DEPOSITION OF DISSEMINATED METALS IN OCEANIC SEDIMENTS,

Deposition in clays and calcareous muds.—As the nature of sediments -
is determined by conditions in the drainage basin furnishing them, a
sea in which carbonaceous shale and coal are being deposited will be
bordered by low-lying land and will be fed by streams laden with
carbonaceous sediment. Zinc taken into solution as the sulphate
from the oxidation of the sulphides and carried seaward by such
streams stands the various chances of precipitation outlined above.
Taken into solution and carried as the bicarbonate it may be precipi-
tated by lowering the concentration of carbonate radicle (CO,) in the

1 Bailey, E. H. 8., op. cit., p. 354.
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water (not a probable contingency in such water) or by hydrogen
sulphide, the supply of which, owing to the paucity of animal life in such -
" waters and to their prevention of decay, is likely to be small. The
zinc bicarbonate in solution which is not precipitated either in the
streams on the way to the sea or in the coal-depositing sea itself will
be diffused through the sea until it reaches beyond the limits of
deposition of the coal measures, where animal life and sulphur bac-
teria are abundant and hydrogen sulphide is available for the pre-
cipitation of the metal as sulphide, and it will thus be deposited in
calcareous sediments. Hence zinc sulphate solutions stand many
chances of deposition before reaching the sea, whereas zinc bicarbon-
ate solutions will likely pass beyond the coal-measure sea and be
deposited where limestones are being laid down.

Streams contributing to a sea where limestones are being laid down
adjacent to land will carry lime, magnesium, and carbonate radicle
(CO,) in excess, but will carry little carbonaceous matter. Much of
the mineral matter carried by the stream will be taken into solution
by the underground drainage and will be contributed to the surface
streams by springs. Under these circumstances zinc and lead dis-
seminated through the rocks as sulphides will be taken into solution
as bicarbonates, as shown by Wells’s experiments, described on a
previous page, and will be carried out to sea, where precipitation as
sulphide by the hydrogen sulphide always present in sea water will be
a natural consequence.

Reasoning a priori we should conclude that among the sedimentary
rocks the natural places of deposition of primary disseminations of
lead and zinc are the limestones, and that the occurrence of such
deposits should be less common among the carbonaceous sediments.

Peter has pointed out (see p. 95) that the waters which carry zinc in
" Kentucky are principally those derived from the limestone formations
of the Ordovician system. It is true that analyses show the presence
of lead and zinc in carbonaceous sediments, as isindicated above and
as has been shown for various shale formations of Europe by Dieule-
fait, Bischof, and Sandberger. But disseminated lead and zinc in
carbonaceous sediments that overlie limestones which contain lead
and zinc and which are saturated by water under artesian pressure
can not be safely assumed to be of primary or sedigenetic origin, for
the conditions indicated afford every facility for the precipitation of
the metals of ascending solutions in the shale.

Deposition in dolomitic muds.—It will be noted that the Cambrian
and Ordovician limestones of the Ozark region, taken in this report
to be the immediate source of the metals, are dolomitic. The Galena,
dolomite, - according to Chamberlin, Van Hise, Bain, Grant, and
others, originally held in disseminated form the lead and zinc which
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was later concentrated into the ore deposits of the upper Mississippi
Valley region. The zinc deposits of the Arbuckle Mountains, Okla.,
are found in the dolomitic Arbuckle limestone. The east Tennessee
deposits occur in the Knox dolomite and are believed by Purdue to
have been derived from that formation. The Virginia deposits are
likewise believed by Watson to have been derived from disseminated
lead and zinc in the dolomitic Shenandoah limestone. The Ueber-
roth, Saucon, and Hartman zinc mines of Pennsylvania occur in mag-
nesian limestone. So, too, many of the other deposits, which are
later mentioned as occurring in the central valley of the United
States are found in dolomitic limestone and are believed to have
been segregated from a minutely disseminated state in such lime-
stones. Indeed, the association of ore deposits with dolomitic lime-
stones has long been noted, and T. Sterry Hunt! has offered this
suggestion to explain the a,ssocmtmn

In the preceding sections we have supposed the waters mingling with the sofution
of sulphate of magnesia to contain no other bicarbonate than that of lime; but bicar-
bonate of soda is often present in large proportion in natural waters, and the addition
of this salt to sea water or other solutions containing chlorides and sulphates of lime
and magnesia will, as we have shown, separate the lime as carbonate and give rise
to liquids, which, without being concentrated brines, as in the previous case, will
contain sulphate of magnesia, but no lime salts. A further portion of bicarbonate of
soda will produce bicarbonate of magnesia, by the evaporation of whose solutions, as
before, hydrated carbonate of magnesia would be deposited, mingled with the car-
bonate of lime which accompanies the alkaline salt and, in the case of the waters of
alkaline springs, with the compounds of iron, manganese, zinc, nickel, lead, copper,
arsenic, chrome, and other metals which springs of this kind still bring to the surface.
In this way the metalliferous character of many dolomites is explained.

METALS DISSEMINATED IN OCEANIC SEDIMENTS.

There are several good analyses of deep-sea sediments that show
their lead and zinc content. These consist of the analysis of manga-
nese nodules collected by the Challenger ? expedition, and the analyses
made in the chemical laboratory of the United States Geological Sur-
vey of composite samples of pelagic “red clay’ and terrigenous ““ blue
mud’’ collected by the. Challenger expedition and reported by Clarke.?
To these should be added the analyses, cited by Clarke and Steiger,*
of a composite sample of silt from the Mississippi River delta. The
analyses of the oceanic sediments which follow differ in their form

of statement from those given by Clarke in that they present all the
~ constituents found by the analysts, whereas Clarke rejected calcium
carbonate, sea salts, ete., and recalculated to 100 per cent.

1Chemical and geological essays, 2d ed., p. 88, 1878.

2 Gibson, John, Report on an analytical examination of manganese nodules; Deep-sea deposits: Voyage
of H. M. S. Challenger, Appendix 2, p. 422, 1891.

3 Clarke, F. W., The data of geochemistry, 2d ed.: U. S. Geol. Survey Bull. 491, p. 490, 1911,

4 Clarke, F. W., and Steiger, George, The relative abundance of several meta.lhc elements: Washington
Acad. Sci, Jour., vol 4, p. 59, 1914.
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Analyses of deep-sea and delta éleposrts.

101.01 100.21 101.775 100. 6229
LeSS Ottt e .62 .22 .56 12

100. 39 99.99 101.215 100. 5029

1. Pelagic red clay; composite of 51 samples. George Steiger, analyst.

2. Manganese nodule; from depth of 2,375 fathoms.  John Gibson, analyst.
3. Terrigenous blue mud; composite of 52 samples. George Steiger, analyst.
4. Mississippi delta mud; composite of 235 samples. George Steiger, analyst.

The analyses just given show that definitely measurable quantities -
of lead and zinc occur in both the terrigenous and the pelagic deposits
of the ocean. As each of the analyses of the oceanic sediment repre-
sents a composite of over 50 samples, taken from widely separated
places, they may be safely used to obtain some notion of the total
quantity of these metals in the deep-sea sediments. According to the
Challenger reports, the area of terrigenous ““blue mud” is 14,500,000
square miles and the area of the pelagic “red clay’ is 51,500,000
square miles. Seelheim’s experiments on the porosity of the sedi-
ment from an emulsion of fine clay and water are summarized by
King! as follows:

Seelheim ? has shown that when an emulsion of fine clay and water is allowed to
stand quietly for some time under conditions where no jarring can take place the
clay subsides, assuming a stratified condition, but containing a large amount of water.

1 King, ¥. H., Principles and conditions of the movements of ground water: U. 8. Geol. Survey Nine-
teenth Ann. Rept., pt. 2, p. 78, 1899. ’

2 Seelheim, F., Methoden zur Bestimmung der Durchléssigkeit des Bodens: Zeitschr. anal. Chemie, vol.
19, p. 387, 1880. .
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He found where no jarring took place that the upper layers contained more water
than the lower ones, the proportion being 1 volume of clay to 3.84 volumes of water
in the upper strata and 1 volume of clay to 1.78 volumes of water in the lower strata.
That is to say, in the loosest settling 79.34 per cent of the volume of the sediment was
water and in the closer packing there was still 64.03 per cent of pore space.

Where the settling was allowed to take place under frequent jarrings Seelheim
secured a uniform texture throughout and greater compactness, but there was still a
pore space of 54.54 per cent. He further showed that there was no sensible reduction
of pore space when the sedimentation was caused to take place under a pressure of
102 feet of water instead of a few feet. Further than this, there is no reason to sup-
pose that the pore space of sediments laid down under water will not be filled very
largely with the water in which they are deposited.

It will apparently be safe, therefore, to assume an average porosity.
of 50 per cent for sediments like the red clay and the blue mud; and
.this assumption has practically been made by Stabler,' who takes
85 pounds as the average weight of a cubic foot of reservoir sedi-
ment, whereas if these sediments are compacted under high pres-
sure into the form of rock matter they weigh 165 pounds to the
cubic foot. Though 85 pounds is undoubtedly too high a figure for
the surface layers of the sediments, the greater compaction in the
lower layers will doubtless raise the average to or above the figure
chosen by Stabler, who based his assumption on the experimental
work whose results are published by the United States Geological
Survey and the United States Reclamation Service. At 85 pounds
to the cubic foot, a square mile of the sediment 1 foot thick would
weigh 1,184,832 short tons. Multiplying by the percentage of zinc
and lead in each deposit and by the area of each class, we get
2,000,000,000 short tons of zinc and 4,000,000,000 short tons of lead
in the red clay 1 foot deep over its total area and 1,200,000,000
tons of zinc and 64,000,000 tons of lead in 1 foot.of blue mud over
its total area.

So far the calculations have been based upon reasonably accurate
data. If, now, we wish to arrive at some conception of the total
lead and zinc locked up in the pelagic and terrigenous deposits of
the sea, it is necessary to make estimates as to the depth of the
sediments. The red clay is made up of meteoric particles, volcanic
.and other terrestrial dusts, chemical sediments, and remains of
pelagic life; but as the latter were primarily derived from mineral
matter carried in solution in the sea water they will, in the estimates
given below, be included with the chemical sediments. The blue
mud includes not only the material enumerated above, but also
detrital material carried out from the land areas. Basing his esti-
mates on the average composition and total volume of river waters
discharged into the sea and assuming 83,472,000 years as the period

1 Stabler, Herman, Some stream waters of the western United States, with chapters on sediment car-
ried by the Rio Grande and the industrial application of water analyses: U. S. Geol. Survey Water-
Supply Paper 274, p. 164, 1911.
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of sedimentation, Clarke * gives 191 feet as the thickness of the chem-
ical sediments, the red-clay area being excluded, since chemical
precipitation is regarded as insignificant in that area. For the
mechanical sediments or silts Clarke gives an estimated thickness
of 550 feet, making a thickness of, say, 750 feet for the terrigenous
deposits of these two classes. To this estimate an addition should
bemade for the terrestrial and meteoric dusts. Perhaps 50 feet will
be a fair figure for the addition from these sources, which would give
800 feet as an estimateof the total thicknessof the terrestrial sediments.

Murray ? gives the following as the average composition of the
red clay and the blue mud:

Average composition of red clay and blue mud.

Red clay. Blue mud.
Carhonate of lime: :
Pelagic Foraminifera. ...... .. ..o 4.7 7.52
Bottom-living Foraminifera......... e et .59 1.75
Other organiSmS. .o ovneunenee i 1.34 3.21
. 6.70 12.48
Residue:
Siliceous OTZaNISINS. . .« oo en ittt e et et 2.39 3.27
Fine wWashings. . . ccooeenemei e 35 61.77
93.30 87.52
100.00 100.00

The larger percentage of “fine washings” (decomposed and uni-
dentifiable minerals, consisting largely of fine clay or silicate of
alumina) in the red clay testifies to its slow accumulation, which gives
timefor mineral decomposition, and thelarger percentage of ‘““minerals”
(undecomposed volcanic material) in the blue mud is evidence of its
more rapid accumulation. The percentage of red clay composed
of remains of organisms, both lime carbonate and siliceous (9.09
per cent), as compared with the percentage of such remains in the
blue mud (15.75 per cent) is to be interpreted as due to slower accu-
mulation in the red clay of the remains of pelagic organisms rather
than faster accumulation of the inorganic material, for the percent-
age of lime carbonate in the red clay decreases very rapidly below
2,200 fathoms, owing to greater solution of the calcareous tests in
falling through greater depths of the sea water. Apparently, there-
fore, nothing in the comparative mechanical analyses of the red clay
and the blue mud will serve to give a workable estimate of their
relative rates of deposition.

The only observations bearing on the rate of deposition of mate-
rials on the sea floor are those of Peake, quoted by Murray.? A
telegraph cable raised from a depth of 2,000 fathoms was found to

1 Clarke, F. W., Some geochemical statistics: Am. Philos. Soc. Proc., vol. 51, p. 232, 1912.
. ?Murray, John, and Renard, A. F., Deep-sea deposits: Voyage of H. M. 8. Challenger, pp. 197,232, 1891.
3 Murray, John, and Hjort, Johan, The depths of the ocean, pp. 169-170, London, 1912,
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be covered with Globigerina ooze after having lain 13 years. It was
concluded that ooze equal to the thickness of the cable (1 inch) had
been deposited in about 10 years. Assuming, with Clarke, that
deposition has been going on for 83,472,000 years, and, with Seel-
heim, that the compacted layers would be more than twice as dense
as the upper inch, we should get a depth of Glob‘igerina ooze of
approximately 300,000 feet, which is manifestly excesswe, either
for general or for local pelagic sedimentation.

Another line of ebservation offers some clue to the relative rate
of deposition of the red clay and the blue mud, as well as of the
Globigerina ooze. Murray says:?

Magnetic or cosmic spherules were found in greatest abundance in the red clays
of the central and southern Pacific; in short, in the deepest water, at points far-
thest removed from continental masses of land. When the magnetic particles are
extracted from about a quart of the clay from these regions, it is usual to observe
among these between 20 and 30 of the small black spherules, with or without metallic
nuclei, and 5 or 6 of the brown magnetic spherules with crystalline structure.

Again, if a quart of Globigerina ooze, pteropod ooze, diatom ooze, blue mud, or
other terrigenous deposit, be examined in the same way as a red clay or radiolarian
ooze from the deep region of the central Pacific, as a general rule no, or at most only
one or two, magnetic spherules will be observed among the magnetic particles.

As the rain of cosmic or meteoric spherules must be practically the
same over all parts of the sea as well as on the land, it would appar-
ently follow from the foregoing that the deposition of the blue mud,
etc., goes on 15 to 20 times as rapidly as the deposition of the red clay.
If, therefore, the assumption of 800 feet, based on Clarke’s calcula-
tions for the thickness of the terrigenous deposits, be good, the rate of
deposition of the red clay would indicate for it a thickness between
40 and 50 feet.

If we bear in mind Clarke’s estimate of approximately 200 feet for
the depth of chemical sedimentation in the terrigenous area, as well
as the evidently much slower accumulation of chemical sediments in
the pelagic area, and if we remember further that over 90 per cent
of the red clay consists of minerals and fine clay resulting from the
decomposition of meteoric and terrestrial dust, it seems likely that
the contributions of dust particles would make up in good part for
the deficiency of chemical sediments, and that 100 feet may be a
reasonable minimum estimate of the thickness of the red clay. This
estimate may be compared Wlth the anonymous estnnate of 500 feet
quoted by Lane.?

Accepting these estimates of 800 feet thickness for the blue mud
and 100 feet for the red clay and applying them to the total lead and
zinc in 1 foot thickness of those deposits, we get approximately
400,000,000,000 short tons of lead and 200,000,000,000 tons of zine

1 Murray, John, and Renard, A. F., Deep-sea deposits: Voyage of H. M, 8. Challenger, pp. 332-333, 1891.
3Lane, A.. C., Meteor dust as a measure of geologic time: Science, vol. 37, p. 674, 1913.
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in the red clay and 51,000,000,000 tons of lead and 9,600,000,000,000
tons of zinc in the blue mud, a staggering total of 451,000,000,000
tons of lead and 9,800,000,000,000 tons of zinc in two classes of
sediments covering about half the area of the deep-sea deposits.
Without doubt similar composite analyses of the other classes
of terrigenous deposits would show that they too contain analo-
gous quantities of the metals. These figures, of course, are mere
approximations and, like Clarke’s estimates of the thickness of
the terrigenous clays, represent orders of magnitude only. Their
usefulness consists in forcing the realization that the sediments are
great storehouses of the metals.

OﬁIGIN OF THE METALS IN THE OCEANIC SEDIMENTS.

It is pertinent to inquire as to the source of the metals in the
oceanic deposits. Murray believes that the greater part. of the
pelagic red clay is material of volcanic or meteoric origin, consisting
of dust which has been carried out to sea, and that comparatively
little of it is water-borne sediment or has been derived by chemical
precipitation from the sea. Under this.conception the inference
would be that the metals had their source in the volcanic and meteoric
dusts, and this conclusion is drawn by Murray.! This origin may be
true for the red clay; but it seems to the writer that the total per-
centage of arsenic, nickel, cobalt, copper, lead, and zinc in the red
clay (0.0637 per cent) as compared with the total percentage of these
metals (0.0981 per cent) in the blue mud (which is unquestionably
in large part of clastic origin and was derived from the land masses
and in which -the volcanic and meteoric contributions have been
much diluted by the water-borne clastic sediments) shows that the
metalliferous constituents have been added in a quantity greater
than that of the clastic material. Hence we must conclude either
that the water-borne clastic material is more than equally metal
bearing with the volcanic and meteoric material, or that the two kinds
of sediments, derived from diverse sources and holding reasonably
similar quantities of the metals, have had those metals added in part
at least from a third source—that is, the sea. The latter alternative
is rendered plausible by the known presence of zinc and lead in sea
water at different places, in corals, in the ashes of seaweed, and
lastly in the manganese nodules, the analysm of which is cited above

. This alternative is further strengthened by the fact that the analysis
of a composite sample of silt from the Mississippi Delta (see p. 72),
mud derived from a drainage basin producing fully half the lead and
zinc of the United States, shows that mud to contain only one-half
as much lead and one-eighth as much zinc as the terrigenous blue
mud deposited at great distances from the land. These observations

1 Murray, John, and Renard, A. F., Deep-sea deposits: Voyage of H. M. S. Challenger, p. 377, 1891,
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are in accord with the conclusions of Luther Wagoner,! who, in study-
ing deep-sea dredgings, found that “The general result of the assays
indicates .that the bed of the Atlantic, whether coastal or pelagic,
carries appreciable amounts of gold and silver, and that the deep-sea
bottom is relatively richer in gold than that nearer the shore line.”
The metals, therefore, seem to be transported in solution and not as
integral parts of the silt. Moreover, the carbonaceous silts.do not
seem to be effective as precipitants of the metals.

Murray? suggests that the colloidal character of the clay particle
enables it to attract to and incorporate with itself fine particles of
other substances, a phenomenon which we now recognize as adsorp-
tion. Sullivan® has shown that the natural silicates precipitate the
metals from solutions of salts by interchange of bases, a process in
which adsorption plays little if any part. Murray and Irvine*
conclude:

That wherever organic matter is in process of decomposition in sea water, a reduc-
tion of the sulphur salts of the alkalies and alkaline earths contained therein takes
place, with the result that the alkalinity of the water is increased. _

That when the above reaction takes place in the water at the bottom, or associated
with the deposit on the bottom, a portion, and sometimes all, of the sulphur in the
sea-water salts is removed and deposited as sulphide of iron, thus giving the character-
istic blue-black color to the terrigenous deposits known as blue muds.

The sea, as we have seen, contains in solution copper, lead, zinc,
and other metals which may be abstracted from the water and
deposited with the sediments by the above-mentioned or analogous
processes. The terrigenous deposits contain nearly as high a per-
centdge of clayey material as do the pelagic deposits, and about
twice as high a percentage of organic remains as the pelagic deposits.
The heavier percentage of the metals in the blue mud is thus easily
accounted for. '

METALS DISSEMINATED IN THE ROCKS OF THE REGION.

Metal content of the Archean rocks of Missouri.—The analyses by
Robertson, cited below, which were made on unusually large quan-
tities of material, show that the pre-Cambrian crystalline rocks of
the St. Francis Mountains contain notable percentages of lead, zinc,
and copper. The ore body at the Einstein silver mine, as described
by Winslow,” was a true vein associated with basic dikes in the

1 Wagoner, Luther, The presence of gold and silver in deep-sea dredgings: Am. Inst. Min, Eng. Trans.,
. vol. 38, p. 705, 1908. .

2 Murray, John, and Renard, A. F., Deep-sea deposits: Voyage of H. M. 8. Challenger, footnote,
P. 196, 1801.

8 Sullivan, E. C., The interaction between minerals and water solutions, with special reference to
geologic phenomena: U. S. Geol. Survey Bull. 312, pp. 37-64,1907.

4 Murray, John, and Irvine, Robert, On the chemical changes which take place in the composition of sea
water associated with blue muds on the floor of the ocean: Roy. Soc. Edinburgh Trans., vol. 37, p. 500,
1895. :

SWinslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol. 7, pp. 701-702, 189%4.
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Archean granite and carried argentiferous galena. Buckley! cites
other veins showing lead and zinc in the crystalline area.

Metal content of Archean rocks.a

[J. D. Robertson, analyst.]

Zine. Lead. Copper.

) Per cent. Percent. | Percent.
Granite, Graniteville, St. Francois County ......................... Ogggég 0: 88%2 Ogi%
Granite, Clearwater, Reynolds County ..................co...oo. %}%g 88%3; 88;38
Porphyry, Hogan, Iron County ......c..ooeiiiiiiiineieennannnao.. 8}(75% 88288 &?ggg
Diabase, Skrainka, Madison County ............. ......ccoooo.o.. { 8%2(%) gggfg 38%28
07209 03174 04710
00001 00397 00590

Rau% of zinc tolead=1:0.440; ratio of zinc to copper=1:0.653.

o Winslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol. 7, p. 479, 1894.

Metal content of the Cambrian and Ordovician dolomites.—The Cam-
brian and Ordovician dolomites of the Ozark region also contain lead
and zinc in measurable quantities, according to the following analyses
by Robertson:

Metal content of “Silurian” [Cambrian and Ordovician] magnesian limestones in
Missouri.a

[T. D. Robertson, analyst.]

Zinc. Lead. Copper.

Percent. | Percent. | Percent.
Jefferson County, Frumet mines ..................ooooiiiiiaiae. { 0.‘ 8%2%2 0. %géi 0. 88383
Miller County, Rothwell diggings ............. TSR { %822 %}ig - 00040
. .00040 Trace. . 00048
Pettis County ----------------------------------------------------- . 00040 Trace. .00108
St. Francois County, Desloge mine .............c..cooeeiiiaianaon ggggg ggig 133323
St. Francois County, railway tunnel, Valle mines .................. :88233 38%2% %?gg
Wright County, Mansfield ................cooneeaeeaeeeanne A0oi6 ) 00138 - 20026
B 137 ) R . 05103 .01149 .01516
T . . 00425 . 00096 .00126

Ratio of zinc to lead=1:0.224; ratio of zinc to copper=1:0.297,

o Winslow, Arthur, op. cit., p. 480.

A series of limestones from Iowa was analyzed by Dr. J. B. Weems,?
who used the large-quantity methods of Robertson, with the results
given in the following table: ‘

1 Buckley, E. R., Lead and zinc deposits of the Ozark region: Types of ore deposits, p. 105, 1911.
2 Calvin, Samuel, and Bain, H. ¥., Geology of Dubuque County: Towa Geol. Survey, vol. 10, p. 567, 1900.
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Metal content of limestones and dolomites in Towa.

[J. B. Weems, analyst.]

Zinc. Lead.

. . Per cent. | Per cent.
Blue galena limestone from Halpin mine ...... . e e 0.00072
Niagara limestone, Cascade, Iowa..... .. .00016 . 00525

Lower buff beds, Sageville, Iowa.... . 00465
““T'renton’’ limestone, Sageville, Iowa........ . 00567
“Upper thin beds,” sec. 33, Du u%ue Township. ceen . 00280
Niagara limestone, Sherrill’s mound........................... 00060
Galena limestone below cap rock (first opening), Tibey quarry. 00101
Lime-burning rock, Eagle Point............ 0. ... P .00143
Non lime-burning rock, Eagle Point. ..., . .00204

) . 02932
Y T . 00326

Ratio of zine to lead=1:11.1,

Metal content of the Mississippian limestones.—The Mississippian
limestones, when analyzed by the large-quantity methods of Robert-
son, show appreciable quantities of copper, lead, and zinc.

Metal content of Mississtppian limestones in Missouri.a

) [J. D. Robertson, analyst.]

Zinc, Lead. Copper.

Per cent. | Per cent.
Greene County, Phenix qUarty. . ......ccoooeeiiiiiiiiaiii.. ; O,%goagle OT(:(;%S.
Jaspet County, Carthage qUAarTy........oeoiiiiieiiiiiaiiiiinnnann.. : 5 :%gg :8%1%
. . 00084 . 00096
Jasper County, Joplin, bluff on Turkey Creek............coovveenn.. . %882? . 00048
" Jasper County, Webb City, near-Sucker Flat........................ : 88%76{2) %i%
Lawrence County, half a'mile south of Aurora %ggg :ggg%
Pottis County, Sedalia quarry......... %ﬁ:ﬁg' :%%
Pike County, Louisiana qUAITY . .....cccvveeieieieeiereeinmnnnnnannn. : :%ggg :88;38
37 .01723 02829
5 ¢ (- Y . 001149 00202

Ratio of zinc to lead=1:1.107; ratio of zinc to copper=1:1.817.

a Winslow, Arthur, Lead and zinc deposits: Missouri Geol. Survey, vol. 7, p. 481, 1894,

Metal content of the Pennsylvanian shales.—Chemical analyses have
been recently cited ! to show that carbonaceous shales of Pennsyl-
vanian age in Missouri and of Ordovician (Maquoketa) age in the
upper Mississippi Valley region carry lead and zinc in measurable
quantities as an original constituent of the shale. At most of the
places cited, however, the close association of these disseminations
with deposits plainly of later origin and their proximity to the base
of the shale formation, together with the difficulty of distinguishing

1 Buckley, E. R., Geology of the disseminated lead deposits of St. Francois and Washington counties:
Missouri Bur. Geology and Mines, vol. 9, p. 221,1909. Cox, G. H., The origin of thelead and zincoresof the
upper Mississippi Valley district: Econ. Geology, vol. 6, p. 587, 1911,
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such minute later deposits of lead and zinc in a dark substance, like
carbonaceous shale, do not incline one to view these disseminations
as examples of sedigenetic deposits. Considerations that affect the
transportation for long distances of lead and zinc in water carrying
carbonaceous matter and increase the probability that these deposits
are secondary have been discussed on pages 69-70.

It is possible that analyses, similar to Robertson’s, of the shales .
of Pennsylvanian age around the border of the uplift would yield
appreciable quantities of the metals. If investigation should prove
the general presence of the metals in these shales it seems safe to
suppose that the more resistant sulphides of copper, nickel, cobalt,
and iron will compose a much larger percentage of the total in these
rocks than in the limestones. The more resistant sulphides are last
to be taken into solution, as has been shown on page 44. As the
Pennsylvanian shales were laid down over nearly all the dome, it
seems likely that the crystalline rocks were the only available source
of metals. As these rocks were in preceding periods leached of their
more soluble metals and furnished the metal content of the Cambrian,
Ordovician, and Mississippian rocks, it seems'only reasonable to
suppose that we should find that in the Pennsylvanian shales the
more resistant sulphides exceed in amount the less resistant sul- .
phides, or at least that we should find them in greater proportion
in these than in the eatlier sediments. It is interesting to note in
this connection that a single qualitative analysis of Pennsylvanian
shale from the Sullivan mine shaft at Miami, Okla., made in the
chemical laboratory of the United States Geological Survey by E. C.
Sullivan, determined the presence not only of a small quantity of
zine but of an even larger quantity of nickel. :

Comparison of the metal content of different rocks.—The localities
from which the samples came, the care used in sampling, and the
special methods of analysis are described in the volume of the Mis-
souri Geological Survey cited in connection with the analyses. Some
of the samples were collected at considerable distances from known
bodies of ore and a few from points entirely outside the mining -
districts.

Though the large-quantity analyses do not show the iron content
of the Archean crystalline rocks or of the limestones, it is certain that
both classes of rocks contain much more iron than copper, lead, or
zine. It should be remembered that the crystalline rocks contain
the famous deposits of Iron Mountain and Pilot Knob.

The average zinc, lead, and copper content, as shown by the
analyses of the crystalline rocks of the Cambrian and Ordovician
dolomites and of the Mississippian limestones of Missouri, as well as
the ratios of the metals to each other in each of the different groups
of rocks named, is a matter of much interest. The large-quantity
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analyses of Robertson, quoted below, show that on the average the
total content of zinc, lead, and copper in the crystalline rocks is
almost three times as large as in the Cambrian and Ordovician dolo-
mites, and nearly five times as large as that-in the Mississippian
limestones. Zinc is on the average more than twice as plentiful in
the crystalline rocks as in the Cambrian and Ordovician dolomites
and nearly nine times as plentiful as in the Mississippian limestones.
Lead is on the average more than four times as plentiful in the
crystalline rocks as it is in the Cambrian and Ordovician dolomites
and not quite four times as plentiful as in the Mississippian lime-
stones. Copper is on the average almost five times as plentiful in
the crystalline rocks as in the Cambrian and Ordovician dolomites,
but hardly three times as plentiful as in the Mississippian limestones.
In the crystalline rocks there is on the average less than half as
much lead as zinc and about two-thirds as much copper as zinc.
In the Cambrian and Ordovician dolomites there is a little less than
one-fourth as much lead as zinc and a little less than one-third as
much copper as zinc. In the Mississippian limestones there is on the
average one-tenth more lead than zinc and eight-tenths more copper
than zine. These variations in the metal content of the rocks are
strictly consistent, as will be shown later, if we assume that the
metals were originally disseminated in the crystalline rocks and were
dissolved, carried out to sea, and deposited in disseminated form in
the limestones forming at the bottom of the sea in different geologic

periods.
CONCLUSIONS.

As pointed out in the preceding pages, it is not maintained in this
paper that all the zinc and lead in the Ozark deposits came originally
from the igneous rocks of the St. Francis Mountains, but it is held
that so far as the present segregation is concerned the metals were
derived from the Cambrian and Ordovician limestones. The St.
Francis Mountains doubtless contributed to the metal content of
these limestones as well as to the other sediments found on the sea
floor about the pre-Cambrian uplift, but, as indicated in the discus-
sion of the origin of the metals in the deep-sea sediments (pp. 76-77), it
is thought that a notable portion of the metal content of the Cambrian
and Ordovician limestones as well as of the other sediments was
contributed directly by the sea water itself.

THE ORE-SOLUTIONS.
SOLUTIONS IN GENERAL.

The properties of liquid solutions are continuous functions of their
composition, calculated in terms of the pure substances of which
they are composed. * * * Any solution is therefore completely

84551°~—Bull. 606—15——6
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characterized by stating the nature and proportion. of the pure
substances of which it is composed or into which it can be separated.!

The properties of a dilute salt solution are thus dependent upon
those of its resulting free ions rather than on the properties of the
dissolved salt as such. * * * The properties of salts in solution
are merely the sum of the properties of their ions.?

The writer holds that the ore deposits of the Joplin region were
precipitated from waters ascending under artesian pressure at or
near the locality of deposition and that those waters were similar to
waters now rising under similar conditions or in artesian wells in
contiguous territory to the west. In order that these waters of the
contiguous area may be easily studied and compared with the waters
of the Joplin region and with the zinc-bearing waters of other regions
it is desirable that their quantitative analyses be reduced to some
system whereby their composition and properties may be readily
interpreted. Such a system, based on the general principles stated
by Ostwald and quoted above, has been used by Stabler * and has
been developed more fully by Chase Palmer. This system can best
be briefly explained by quotations and summaries made from matter
presented by the author last mentioned. For a fuller discussion of
the subject the reader is referred to the publications cited.

GEOCHEMICAL INTERPRETATION OF WATER ANALYSES.!

Terrestrial waters are essentially solutions of a few salts, and their chemical char-
acter, like that of solutions in general, depends on the nature and proportion of the
substances they contain. The interpretation of the chemical character of a water
from the results of analysis is necessarily uncertain and unsatisfactory if it is based
merely on the amounts of the radicles determined. In analytical chemistry, asin
other branches of the science, the chemist considers the inherent properties of the
radicles of substances, and hence hisstatement of the results of a water analysis should
be framed in accordance with the chemical nature and the proportional amounts of
the radicles determined in a solution of mixed salts. There is no lack of information
concerning the amounts of the various materials dissolved in natural waters and the
mutual relations of their parts. What the chemist especially needsis a form of state-
ment that will adequately express these relations and disclose the true proportions
of the radicles. * * ¥

Two forms of stating the amounts of mineral materials dissolved in water have been
widely used. * * *

The older form, which represents the radicles as grouped together in arbitrary com-
binations, has by no means lost all adherents. It seems to be held in especial favor
by the engineer because it gives the amount of dissolved material in terms which
enable him to determine the corresponding amounts of substances necessary to fit a
water for special industrial uses. The geologist, however, long ago realized that this

1 Ostwald, W., The fundamental principles of chemistry, pp. 97, 119, 1909.

2 Ostwald, W., The scientific foundations of analytical chemistry, p. 51, 1908.

8 Stabler, Herman, Some stream waters of the western United States, with chapters on sediment carried
by the Rio Grande and the industrial application of water analyses: U. S. Geol. Survey Water-Supply
Paper 274, pp. 165-181, 1911,

4 Palmer, Chase, The geochemical interpretation of water analyses: U. S. Geol, Survey Bull. 479, pp.
5-12, 1911,
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form of expressing the chemical character of a water is inadequate to the exacting
demandsof research and hasresorted to the form of statement in which the amountsof
the radicles determined are given as independent units. In other words, he has prac-
tically abandoned a form of chemical expression and has'adopted instead a statement
of physical results. Chemical literature furnishes abundant evidence that the state-
ment of water analyses in a form which does not recognize the proportional reaction
capacity of the radicles fails to show the chemical character of the waters. Waters
differing widely in character may be grouped together as similar if the classification
is based on the preponderance of any radicle that may be considered as dominant in
a solution of salts or on the apparent predominance of two or more radicles selected
merely because they contribute largely to the weight of the mixture. Such classifi-
cations may be interesting from several points of view, but they are unreliable guides
to the solution of geologic problems involving chemical processes. Furthermore,
chemists whose attention is fixed on the physical weights of the radicles, which are
agsumed to be free and independent, may easily fail to observe important facts con-
cerning the chemical character of waters, especially facts relating to geology.

One advantage of the ionic form of stating water analysesis that it assigns weights
directly to the chemically active parts of the dissolved substances instead of using
those parts to build imaginary structures. The statement of the amounts of the radi-
cles, however, indicates only the chemical composition of a water, not its character,
for the physical weight of aradicleisno criterion of its chemical valuein asystem of dis-
solved saltssuch as exists in water. On the other hand, if the radicles are considered
not as matter subject only to the law of gravitation, but rather as individuals acting
together under the law of equivalent combining weights, contributing their propor-
tional shares to the final balance of the system, the meaning of the results of a mineral
analysis of water can be expressed clearly and precisely.

The reaction capacities of the radicles of the salts dissolved in water are the quo-
tients obtained by dividing the weight of each radicle by its corresponding equivalent
combining weight, or by multiplying by the reciprocal of its equivalent combining
weight. * * *

The weights of the radicles have thus been resolved to values which are chemically
measurable by a common standard. The unit of measurement is the milligram of
hydrogen, in conformity with the international acceptance of hydrogen as the stand-
ard of reaction capacity. * * * As “milligram equivalents’ chemists have long
used reacting values to determine the accuracy of analyses.

To compare accurately two analyses expressed in reacting values
they should be reduced to the same degree of concentration, that is,
of dilution. This is readily accomplished by expressing the reacting
values of each radicle as a percentage of the sum total of the reacting
value of all radicles.

PROPERTIES OF NATURAL WATERS.

Nearly all terrestrial waters have two general properties, salinity and alkalinity, on
whose relative proportions their fundamental characters depend. Salinity is caused
by salts that are not hydrolyzed; alkalinity is attributed to free alkaline bases pro-
duced by the hydrolytic action of water on solutions of bicarbonates and on solutions
of salts of other weak acids.

All the positive radicles, including hydrogen, may participate in producing salinity;
but of the negative radicles only those of the actively strong acids can perform a sim-
ilar function. Likewise all the positive radicles may participate in producing alka-
linity; but of the negative radicles only those of the weaker acids may participate.
The principal strong acids in natural waters are represented by the sulphates,
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chlorides, and nitrates. The principal weak acids in such waters are indicated by
the carbonates, sulphides, phosphates, etc. Since salinity depends on the combined
activity of equal values of both positive and negative radicles, and since its degreeis
limited only by the reacting values of the strong acids, the full value of salinity is
obtained by multiplying the total value of the strong acid radicles by 2.

The full value of alkalinity and at the same time due recognition of the parent
substances which are the source of alkalinity can be obtained by doubling the values
of the bases in excess of the values of the strong acids.

The positive radicles [bases] determined in a water analysis, in accordance with
their properties, fall naturally into three groups, as follows:

[Primary bases.] Alkalies.

[Secondary bases.] Earths or alkaline earths.

[Tertiary bases.] Metals, including hydrogen.

The groups of positive radicles are measured by the sum of the reacting values of
their members, and in accordance with the prevalence of the reacting values of the
groups of positive radiclesin the system, these special properties are possible, namely:

1. Primary salinity; that is, salinity not to exceed twice the sum of the reacting
values of the radicles of the alkalies [or primary bases].

2. Secondary salinity; that is, the excess (if any) of salinity over primary salinity
not to exceed twice the sum of the reacting values of the radicles of the alkaline
earths [or secondary bases].

3. Tertiary salinity; that is, the excess (if any) of salinity over primary and sec-
ondary salinity.

4. Primary alkalinity; that is, the excess {(if any) of twice the sum of the reacting
values of the alkalies [primary bases] over salinity. ’

5. Secondary alkalinity; that is, the excess (if any) of twice the sum of the reacting
values of the radicles of the alkaline earths [secondary bases] over secondary alka-
linity.! :

Palmer ? has recently restated somewhat more concisely the con-

clusions stated in the second paragraph under the heading ‘‘Prop-
erties of natural waters,” as follows:

_ All the radicles of the alkalies and alkaline earths tend to form alkaline solutions,
but only the strong acid radicles (sulphate, chloride, nitrate) can overcome this
tendency and render an alkaline solution neutral or saline. The sum of the reacting
values of the strong acid radiclesis therefore a measure of the salinity (saltness) of a
natural water which is a solution of salts of strong and weak acids. The sum of the
reacting values of the metallic radicles in excess of the values of the strong acidsis
a measure of the alkalinity of a water.

In considering the analyses here given it is found that in six
waters, the mineral content of which was probably derived in part
from the oxidation of metallic sulphides, there is an excess of the
positive radicles of the primary, secondary, and tertiary groups over
the radicles of the strong acids, an excess which is balanced by
radicles of the weaker acids. The resulting property has been called
“subalkalinity’’ by Stabler, or, in consonance with the terms used

1 Palmer, Chase, The geochemical interpretation of water analyses: U. S. Geol. Survey Bull. 479, pp.
- 11-12, 1911.
2 Stephenson, L. W., A deep well at Charleston, S. C., with a report on the mineralogy of the water by
Chase Palmer; U, S, Geol. Survey Prof. Paper 90, p. 92, 1914.
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above, it may be called ‘‘ tertiary alkalinity,” that is, the excess (Gf
any) of twice the sum of the reacting values of the radicles of the
metals [or tertiary bases] over the tertiary salinity.

The character of natural waters with reference * * * to their solvent action on
minerals with which they may come in contact, to sedimentary deposits that they
are likely to form, * * * and to their chemical action in general can best be
portrayed by a statement of as many of the * * * gpecial properties above men-
tioned as may be found, expressed in percentages of their totality.!

If natural waters, which are dilute solutions of mixed salts, are
regarded as homogeneous substances, then their inert or feebly active
constituents, such as free carbon dioxide, free hydrogen sulphlde,
and colloids, may be considered as accessories not involved in the
activities of the solution, upon which they are simply superimposed;
hence they may be excluded from the percentage characterization
of the water; and in the following interpretations of analyses of
waters they have been so excluded.

Palmer ? has given the reaction coefficients of a number of the
more common bases and radicles in natural waters; he has shown in
the tables a convenient method of setting down the reacting values
and their percentage calculations; and he has also shown the geo-
chemical interpretation of the waters by representing the properties
of the radicles and bases grouped as percentage of primary, secondary,
or tertiary alkalinity or salinity. In the accompanying tables of
analyses, this plan, somewhat abbreviated, has been followed. The
analyses are grouped by State and country of origin of the water,
but each analysis bears its serial number in the synoptical chart, by
which it may also be easily identified in the list of localities.

ACIDITY, NEUTRALITY, AND ALKALINITY OF WATERS.

Many chemical reactions turn upon the acidity or alkalinity of the
solution, and in ore deposition certain minerals characterize deposits
made by acid ore solutions and a different set of minerals characterizes
deposits made by neutral or alkaline ore solutions. Dilute solutions

" that are nearly neutral and that contain alkaline-earthy carbonates

and are in contact with air containing carbon dioxide, may at different
times be slightly acid, neutral, or slightly alkaline, their character
varying with variations in the temperature, in the pressure of carbon
dioxide, and other conditions. The acidity or alkalinity is usually
ascertained by adding to the solution certain organic substances
called indicators, which assume one color in acid solutions and a
markedly different color in alkaline solutions.

1 Palmer, Chase, The geochemlcalmterpretatxonof water analyses: U. S. Geol. Survey Bull. 479, p. 12, 1911,
2Idem, pp. 8,9, 13,and 14. ~~
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The difficulties in determining acidity or alkalinity by means of
indicators have been recently set forth by Walker and Kay,! by
Washburn,? and by Moir.> The following quotation is from Walker
and Kay:

Natural waters may be acid, neutral, or alkaline according to the substances which
are dissolved in them. The acidity or alkalinity of water is usually determined by
means of an indicator, but since different indicators yield different results, and as
the selection of an indicator is largely a matter of individual habit, it not infrequently
happens that one and the same sample of water is reported as acid by one analyst
and as alkaline by another. * * *

Neutrality, acidity, and alkalinity —The properties which we include under the
general term “acidity”’ are due to the presence of the acid ion, hydrion, H', in water;
the properties which we include under the general term “alkalinity’’ are due to the
alkaline ion, hydroxidion, OH’, in water. Absolutely pure water has these two
opposed substances in chemically equivalent proportions, and is neutral, and all
truly neutral solutions have the same concentration of hydrion and hydroxidion in
them as pure water. The concentrations of the two ions are of course equal, and
the following table contains the valuesgiven by A. A. Noyes for different temperatures:

1 e 0. 30 X107 normal.
180 O e 0. 68 X107 normal.
D225 S 0. 91 X107 normal.
100° Ot e 6.9 X107 normal.

Now, according to the ionization theory, the product of the concentrations of
hydrion and hydroxidion in any dilute solution must always be equal to the corre-
sponding product of pure water at the same temperature. All solutions, then, with
a hydrion concentration greater than 0.68 X107 at 18° are acid, and the hydrion con-
centration may be taken as a measure of the extent of the acidity. All solutions
with a smaller concentration of hydrion than 0.68 X107~ are alkaline, and the hydrion
concentration may be taken likewise as a measure of alkalinity.

Relative acidity and alkalinity.—For theoretical purposes this mode of statmg

acidity or alkalinity in terms of hydrion (or hydroxidion) concentration is convenient,
but for the practical requirements of the water analyst it is unsuited, owing to the
rapid variation with temperature, and also to the smallness of the concentrations
dealt with.
. We therefore propose for practical purposes that the acidity or alkalinity of a solu-
tion be stated in terms of the acidity or alkalinity of ideally pure water at the same
temperature. In short, we propose that (just as in the case of density, specific heat,
and many other physical properties) water be taken as standard substance and that
the acidity or alkalinity of all aqueous solutions be referred to it under the same
conditions. We therefore take the acidity of pure water=1, and the alkalinity of
pure water=1 at all temperatures, no matter what the actual value of the hydrion
concentration may be. That the acidity and alkalinity of pure water should be each
made equal to 1 is necessary, since neutral water can have no excess of either.

Thus a water which has a hydrion concentration of 1.36 X107 and a hydroxidion
concentration of 0.34 1077 at 18° would be stated to have a relative acidity of 2 and a
relative alkalinity of 0.5. Under this system the product of relative acidity and

1 Walker, James, and Kay, S. A., The acidity and alkalinity of natural waters: Soc. Chem. Ind. Jour.,
vol. 31, pp. 1013-1016, 1912,

2 Washburn, E. W., The significance of the term alkalinity in water analysis and the determination of
alkalinity by means of indicators: Illinois Water-Supply Assoc. Proc. second meeting, pp. 93-101, 1910.

8 Moir, James, The determination of the acidity or alkalinity of waters—a study in indicators: South
Africa Chem., Met. and Mining Soc. Jour., vol. 14, pp. 114-118, 1913,
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relative alkalinity must alawys be equal to 1, that being the value of the product for
pure water. In practice the value of the relative acidity alone would be given for
acid waters, and of relative alkalinity alone for alkaline waters. * * *

Relation between temporary hardness and acidity.—In contrast with pure water, which
isneutral, distilled water, in equilibrium with air and free from all impurities except
dissolved air, is acid. The only substance in the (pure) atmosphere which confers
acidity on water is carbon dioxide, and the relative acidity of water in equilibrium
with air may be calculated from known data to be about 20.

It isa common experience to find that ordinary distilled water has a marked acidity
toward phenolphthalein, and as'a rule the relative acidity will be found to exceed 20.
This is due to it containing excess of carbon dioxide derived from the bicarbonates
in the water which is being distilled.

Natural waters containing dissolved bicarbonates in addition to carbon dioxide
may be neutral, alkaline, or acid. The degree of hydrolysis of the bicarbonate,
which varies with the concentration of the carbon’dioxide in the water, is the chief
factor which determines the alkalinity (or acidity) and, for a given hardness, if the
concentration of the carbon dioxide s fixed, the hydrolysis, and hence the alkalinity
. of the water, will have a perfectly definite value. If air free from carbon dioxideis
passed through the water the concentration of the carbon dioxide in the water will
ultimately become zero and the water will become alkaline.

Treatment with ordinary air, on the other hand, may either increase or diminish
the alkalinity of the water. The concentration of the carbon dioxide in the water,
whatever it may originally be, reaches a fixed value at equilibrium, and the ‘‘tem-
porary” hardness of the water determines whether the ultimate state of the water will
be neutral, alkaline, or acid. In other words, the relative alkalinity of the water,
if it is in equilibrium with air, depends on the ‘“‘temporary” hardness. If the
“temporary” hardness of a natural water, commonly ascertained by measuring the
so-called “‘alkalinity” with standard acid and methyl orange, is really due to bicar-
bonates alone, the relative alkalinity of the natural water, after it is brought into
equilibrium with air, ought to be.equal to that of a synthetic water of the same tem-
porary hardness, * * *

Practical applications.—The method sketched out above is of importance as afford-
ing a means for determining the actual acidity or alkalinity of a water, and not merely
the potential acidity or alkalinity as given by ordinary titration. It ison this actual
state of the water that the rate of its action on metals, etc., depends. For example,
a very soft natural water of relative acidity 1.3 had its acidity increased to 5.0 after
mechanical filtration with addition of aluminium sulphate. The quantity of alu-
minium sulphate added was equivalent to not more than half the temporary (bicar-
. bonate) hardness present in the original water, so that the filtered water still possessed
temporary hardness and contained no free acid save carbonic acid, to excess of which
the high relative acidity was due. Yet the effect of the increased acidity was to
increase the action of the filtered water on lead to three times that of the unfiltered
water, and render the supply for this reason undesirable. The same filtered water
was found to act briskly on mixed deposits of rust and the carbonates of lime and
magnesia, dissolving the latter and liberating the iron rust.

Washburn ! points out the contradictory results at which we may
arrive by the use of different indicators, and gives a table showing
the results in practice with a number of indicators. Some indicators
change color when the solution is slightly acid, others only when it is
markedly acid. Some indicators are not affected by acid solutions,

1 Washburn, E, W., op. cit.
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but change color when the solution becomes slightly alkaline, and
still others change only when it is pronouncedly alkaline. In the
table the results of treating the indicators with solutions of different
degrees of acidity and alkalinity are arranged progressively, leading
from those which are affected only by strongly acid solutions to
those which are affected only by decidedly alkaline solutions. It is
manifest that the neutrality of a solution can be determined only by
taking the middle point in the change of an indicator which shows
some variation in color throughout the range from slightly acid to
neutral to slightly alkaline. Litmus is such an indicator, being red-
violet in slightly acid solutions, violet in neutral solutions, and blue
in slightly alkaline solutions. It is frequently difficult to determine
the neutral tint of an indicator such as litmus, and Moir ! has devised
an ingenious apparatus consisting of two parallel-walled glass cells,
the distance between the walls of which is equal. The cells are filled
with the same litmus solution; to one is added a measured quantity
of acid and to the other an equivalent quantity of alkali. They are
then placed side by side and the tint observed by looking through
both at once is obviously the same as that of a single solution at
exactly its middle point. Manifestly this method can be used only
with indicators that exhibit some change of color on each side of the
neutral point.

Cohn 2 mentions a useful combination of indicators for solutions
not varying much from the neutrality point as follows:

The mixture of methyl orange and phenolphthalein was recommended by Gawa-
lowski as an excellent neutrality indicator. The neutral point is indicated by a

lemon-yellow color. The slightest excess of either acid or alkali causes a change of
color, the acid affording a deep pink, the alkali a fine red.

ANALYSES OF ZINC-BEARING AND RELATED WATERS.

SOURCES OF INFORMATION,

Almost all the water analyses that have been here cited as having
a bearing on the genesis of ores in the Ozark region are analyses of
sulphate waters—that is, of mine waters and so-called ““ alum” waters.
It has seemed desirable to make a rather complete collection of analy-
ses of waters of all classes known to contain zinc or lead. In the
compilation of these analyses the following publications, among
others, have been examined: :

Foreign.

Carnot, A., Analyses des eaux minérales francgaises: Annales des mines, 8th ser.,
vol. 7, pp. 79-144, 1885; 9th ser., vol. 6, pp. 355457, 1894; 9th ser., vol. 16, p. 33~
94, 1899.

1 Moir, James, op. ¢it., p. 116, :
2 Cohn, A. 1., Indicators and test papers, their source, preparation, application, and tests for sensitiveness,
2d ed., p. 267, New York, 1907,
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Deutsches Biaderbuch, Leipzig, 1907.

Jacquor, E., and WM, E., Les eaux minérales de la France, Paris, 1894.

Jahrbiicher des Nassauischen vereins fiir Naturkunde, Wiesbaden, vols. 27-66, 1873~
1913.

LiversinE, A., SkEY, W., and Gray, G., On the composition and properties of the
mineral waters of Australasia: Australasian Assoc. Adv. Sci., vol. 7, pp. 87-108,
1898. )

RaspE, FriepricH, Heilquellen-Analysen, Dresden, 1885,

American.

Apams, F. D., and LERoy, O. E., The artesian and other deep wells on the island of
Montreal: Canada Geol. Survey Ann. Rept., vol. 14, pt. O, 1905.

AxpERsoN, WinsLow, Mineral springs and health resorts of California, 1892.

Bamey, E. H. 8., Special report on mineral waters: Kansas Univ. Geol. Survey, vol.
7, 1902.

Barrow, Epwarp, and others, The mineral content of Illinois waters: Illinois Geol.
Survey Bull. 10, 1909.

BraNnNER, J. C., The mineral waters of Arkansas: Arkansas Geol Survey Ann. Rept.
1891, vol. 1, 1892

Crarp, F. G., Underground waters of southern Maine: U. S. Geol. Survey Water-
Supply Paper 223, 1909.

CrarkE, F. W., The data of geochemistry, 2d ed.: U. 8. Geol. Survey Bull. 491, 1911.
Chapter 6 (pp. 168-205) gives analyses of many mineral wells and springs. On pp.
204-205 is given a list of published collections of water analyses which, in addition
to the foregoing, includes several collections of analyses of foreign mineral waters.

Water analyses from the laboratory of the United States Geological Survey:
U. 8. Geol. Survey Water-Supply Paper 364, 1914.

Crook, J. K., The mineral waters of the United States, Philadelphia, 1899.
Drussen, ALEXANDER, Geology and underground waters of the southeastern part
of the Texas Coastal Plain: T. S. Geol. Survey Water-Supply Paper 335, 1914.
Ducroux, E. H., Aguas minerales alcalinas de la Republica Argentina: Revista del

Museo de La Plata, vol. 14, pp. 9-52, 1907.

‘Ducroux, E. H. and L. H., Las aguas minerales de los valles de Hualfin y otros
de la Provincia de Catamarca: Revista del Museo de La Plata, vol. 16, pp. 51-120,
1909.

Fuirer, M. L., Contributions to the hydrology of eastern United States, 1903: U. S.
Geol. Survey Water-Supply Paper 102, 1904.

Contributions to the hydrology of eastern United States, 1904: U. S. Geol.

Survey Water-Supply Paper 110, 1905.

Underground-water papers, 1910: U. 8. Geol. Survey Water-Supply Paper
258, 1911.

Furier, M. L., and Crarp, F. G., The underground waters of southwestern Ohio,
with a discussion of the chemical character of the waters by R. B. Dole: U. 8.
Geol. Survey Water-Supply Paper 259, 1912. . ‘

GorpoN, C. H., Geology and underground waters of northeastern Texas: U. 8. Geol.
Survey Water-Supply Paper 276, 1911.

Geology and underground waters of the Wichita region, north-central Texas:
U. 8. Geol. Survey Water-Supply Paper 317, 1913. )

Gourp, C. N., Geology and water resources of Oklahoma: U. 8. Geol. Survey Water-
Supply Paper 148, 1905.

Hawr, C. W., and others, Geology and underground waters of southern Minnesota:
U. 8. Geol. Survey Water-Supply Paper 256, 1911.

Harris, G. D., Vearch, A. C., and others, A report on the underground waters of
Louisiana: Louisiana Geol. Survey Bull. 1, 1905,
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Haywoon, J. K., Mineral waters of the United States: U. S. Dept. Agr. Bur. Chem-
istry Bull. 91, 1905.

HeappeN, W. P., Colorado irrigation waters and their changes: Colorado Agr. Exp.
Sta. Bull. 82, 1903.

The Doughty springs, a group of radium-bearing springs on the North Fork

of the Gunnison River, Delta County, Colo.: Colorado Sci. Soc. Proc., vol. 8,

pp. 1-80, 1905.

Notes on some mineral springs: Colorado Sci. Soc. Proc., vol. 9, pp. 259-272,

1909.

Kerry, CLypEg, and Anspach, E. V., A preliminary study of the waters of the Jemez
Plateau, N. Mex.: New Mexico Univ. Bull. 71, 1913.

Laxg, A. C., Lower Michigan mineral waters: U. S. Geol. Survey Water-Supply
Paper 31, 1899.

LeE, H. A., Mineral springs: Colorado Bur. Mines Ann. Rept for 1897, pp. 145-154,
1898.

Lee, W. T., Water resources of the Rio Grande valley in New Mexico and their
development: U. 8. Geol. Survey Water-Supply Paper 188, 1907.

Loew, OscAr, Analyses of mineral springs and minerals: U. 8. Geog. Surveys W.
100th Mer., vol. 3, pp. 613-637, 1875.

Report on the alkaline lakes, thermal springs, mineral springs, and brackish
waters of southern California and adjacent country: U. S. Geog. Surveys W. 100th
Mer. Ann. Rept. 1876, Appendix H 3, pp. 188-199, 1876.

McCarLig, S. W., A preliminary report on the underground waters of Georgia: Georgia
Geol. Survey Bull. 15, 1908.

A preliminary report on the mineral springs of Georgia: Georgia Geol. Survey
Bull. 20, 1913.

MaTsoN, G. C., Water resources of the Blue Grass region, Kentucky, with-a chapter
on the quality of the waters, by Chase Palmer: U. S. Geol. Survey Water-Supply
Paper 233, 1909.

Norron, W. H., Artesian wells of Towa: Iowa Geol. Survey, vol. 6, pp. 115-428, 1897,

Norron, W. H., and others, Underground water resources of Iowa: U. 8. Geol. Survey
Water-Supply Paper 293, 1912.

OrtoN, Epwarp, The rock waters of Ohio: U. S. Geol. Survey Nineteenth Ann.
Rept., pt. 4, pp. 633-717, 1899.

Parmer, CaasE. See also Matson, G. C.

Mineralogy of waters from artesian wells at Charleston, S. C.: U. S. Geol.
Survey Prof. Paper 90, 1914,

———— The geochemical interpretation of water analyses: U. 8. Geol. Survey Bull.
479, 1911.

Parker, H. N., Quality of the water supplies of Kansas: U. S. Geol. Survey Water-
Supply Paper 273, 1911.

Pearg, A. C., Lists and analyseés of the mineral springs of the United States: U. S.
Geeol. Survey Bull. 32, 1886.

Perer, A. M., Kentucky Agr. Exper. Sta. Ann. Repts 9-24.

PETER, ROBERT Kentucky Geol. Survey Chem. Repts. 14."

Prarr, J. H., Mineral waters: North Carohna Geol. and Econ. Survey Econ. Paper
15, pp. 74-145, 1908

SaNFORD, SAMUEL, The underground water resources of the Coastal Plain province of
Virginia: Virginia Geol. Survey Bull. 5, 1913.

ScawEITZER, PAUL, A report on the mineral waters of Missouri: Missouri Geol. Survey,
vol. 3, 1892,

SuePARD, E. M., Underground waters of Missouri, their geology and utilization: U.S.
Geol, Survey Water-Supply Paper 195, 1907.
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SHEPARD, J. H., The artesian waters of South Dakota: South Dakota Agr. Coll. and
Exper. Sta. Bull. 41, 1895.

SieBENTHAL, C. E., Geology and water resources of the San Luis Valley, Colo.:
U. 8. Geol. Survey Water-Supply Paper 240, 1910,

SkiNNER, W. W., American mineral waters; the New England States: U. S. Dept.
Agr. Bur. Chemistry Bull. 139, 1911.

Srosson, E. E., Water analyses: Wyoming Agr. Exper. Sta. Bull. 24, 1895.

Van WinkLE, WALTON, Quality of the surface waters of Waghington: U. S. Geol.
Survey Water-Supply Paper 339, 1914.

Quality of the surface waters of Oregon: U. S. Geol. Survey Water-Supply
Paper 363, 1914.

Vearcr, A. C., Geology and underground water resources of northern Louisiana and
southern Arkansas U. 8. Geol. Survey Prof. Paper 46, 1906.

WaRriNG, G. A., Springs of California: U, 8. Geol. Survey Water-Supply Paper 338,
1915. .

WincHELL, A. N., Petrology and mineral resources of Jackson and Josephine counties,
Oreg.: The mineral resources of Oregon, vol. 1, No. 5, pp. 82-107, Oregon Bur.
Mines and Geology, 1914.

FOREIGN MINERAL WATERS (TABLE 1).

The Deutsches Baderbuch contains about 650 analyses of mineral
waters of Germany, 35 of which record lead or zine, or both, either in
the water itself or in the sediment deposited by the water. Twenty-
one of the most modern of these analyses have been recalculated to
the geochemical basis for comparison with the water of the Joplin
region and are given in the accompanying tables. Of these 21
analyses 11 show determinable quantities of the metals, 7 show
traces only, and 9 show lead or zinc in the spring deposit. Of the
total 21 analyses, 17 are of primary waters—that is, waters in which
the alkali bases exceed the alkaline-earth bases, among them the salt
waters. All the analyses of foreign mineral waters given in the table .
are taken from the Biaderbuch with the exception of five, the authority
for which is stated in the list. The analysis of the water of Néris-les-
Bains, by Willm, has been supplemented by a determination of
fluorine by Gouvenain and by determinations of the metals by
Carles.! :

MINERAL WATERS OF EASTERN, CENTRAL, AND SOUTHERN STATES (TABLE 2).

Peale gives 20 analyses of waters containing zinc or lead, 17 of
which are 'sulphate of “alum’ waters carrying measurable quantities
of zinc and 3 of which are carbonate waters. For reasons which
will appear later it has not been deemed necessary to incorporate
more than three or four analyses of sulphate waters in the table, as
such waters result from the oxidation of metallic sulphides at shallow
depths and will, of course, contain zinc if the original sulphide con-
tained zinc.

1 Carles, M. P., Présence de la baryte dans les eaux minérales sulphatées: Annales chim, anal., vol. 7,
pD. 91-93, 1902.
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Crook gives eight analyses as containing either measurable quan-
tities or traces of lead or zinc. Most of these are given by Peale.

The analyses of mineral waters from the Eastern, Central, and
Southern States, with the exceptions noted in the list, are given by
Peale. MINERAL WATERS OF KENTUCKY (TABLE 3).

The mineral springs of Kentucky have long been famous, and the
waters of many of them have been: chemically analyzed, the results -
being published in reports made by Robert Peter and A. M. Peter.
The analyses made prior to 1896 do not show the zinc content of
these waters, but all Kentucky waters analyzed since that time have
been examined for zinc. The total number of analyses of waters,
qualitative and quantitative, published between 1896 and 1913 by
the Kentucky Agricultural Experiment Station is 392, and 89 of
these showed zinc in traces or in measurable quantity. Of the 392
waters analyzed, 95 contained hydrogen sulphide and 11 others
probably contained it, though the gas had escaped before the sample
reached the laboratory. Of the waters containing hydrogen sulphide,
49 carried sodium sulphide. Of the 89 waters containing zinc,
36 contained hydrogen sulphide and 17 contained sodium sulphide.
These figures are of interest in connection with the notes on pages
48-49 in relation to the solution of zine sulphide by excess of alkaline
sulphides. The location of most of these wells and springs is shown on
the accompanying sketch map of Kentucky (fig. 6).

Most of the analyses given in the reports of the Kentucky Agri-
* cultural Experiment Station are qualitative, but 7 quantitative
analyses of waters containing zinc are given in the accompanying
table (pp. 120-123) together with 5 quantitative analyses made by
Chase Palmer,' of the United States Geological Survey, which are
stated 2 to show traces of zinc, although such traces are not noted in
the analyses as originally published. The analyses are included in
A. M. Peter’s list of well waters showing zinc. Peter has very
kindly permitted the use of the following unpublished paper describing
the chemical methods used by him in determining the zinc content of
mineral waters and giving a list of 89 zinc-bearing waters that had
been analyzed prior to 1911. Peter ® has since published qualita-
tive analyses of 17 additional waters containing zinc in traces or in
measurable quantities.

1 Water resources of the Blue Grass region: U. S. Geol. Survey Water-Supply Paper 233, pp. 212-215,
1909.

2 Oral communication by Chase Palmer,

8 Peter, A. M., Averitt, S. D., and Sheed, O. M., Analyses of mineral and potable waters: Kentucky
Agr. Exper. Sta. Twenty-fourth Ann. Rept., for 1911, pp. 329-346.
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THE OCCURRENCE OF ZINC IN KENTUCKY MINERAL WATERS.

By A. M, PETER.I

Zinc is one of the metals that rarely appear in analyses of mineral
waters. Indeed, I can not cite any American analysis in which it is
shown, except those made by the Kentucky Experiment Station.
On looking through Walton’s ‘“Mineral springs of the United States
and Canada” (2d ed., 1874), which contains a very good collection of
the older analyses, some 300 or 400 in number, I do not find its
presence stated in any of the waters described, though Walton says,
in the chapter on chemical constituents, that ‘‘traces of zinc * * *
are sometimes detected.”” Haywood and Smith ? report analyses of
55 commercial waters, in none of which is the presence of zinc noted,
and the method of analysis followed by these chemists does not pro-
vide for the detection of that metal. In the ‘“Deutsches Bider-
buch,” published in Leipzig in 1907, which contains analyses of about
650 mineral waters from the German Empire, I find zinc reported in
only 18 waters and in the sinter deposited from 11 others.

These facts would seem to point to the rarity of zinc as a con- .
stituent of mineral waters, so I thought it might be of interest to
present this note of work done in the laboratory of the Kentucky
Agricultural Experiment Station, which shows that zinc is of common
occurrence in certain classes of Kentucky waters and that its presence
may be detected in many of them by a method of analysis not es-
pecially refined. Since 1896, in which year I first noted the presence of
zinc in a Kentucky mineral water, it has been our practice to test for
that metal in the waters submitted to us for analysis. Upon looking
through the annual reports of the station from 1896 to 1910, I find the
analyses of 392 samples of mineral water reported, and of these, 72
show the presence of zinc in solution in the water and 17 in the sedi-
ment deposited from the sample on standing in the bottle, a total of
89 samples in which zine was found, presumably derived from the
water. Most of these analyses are qualitative. _

In our usual procedure the test for zinc is made upon the same por-
tion of water that is used for testing for iodine, bromine, borate, and
soluble carbonate and for spectroscopic examination: For this pur-
pose, one-half to 1 liter of the water is evaporated to dryness and
the residue is extracted with a very small quantity of hot water.
This concentrated solution is examined for soluble carbonate, borate,
iodine, and bromine by appropriate tests and is tested spectroscopi-
cally. The residue not soluble in water is treated with a little hydro-
chloric acid and examined spectroscopically to detect strontium,

1 Paper read before Am. Chem. Soc., Louisville section, Apr. 16, 1910, but not submitted for publication
by the society. Published here with certain additions by the author.
2 Haywood, J. K., and Smith, B. H., U. 8. Dept. Agr., Bur. Chemistry, Bull. 91, 1905.
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lithium, calcium, etc., after which enough hydrochloric acid is added
to decompose all the carbonates, and also a few drops of nitric acid,
to oxidize ferrous compounds and organic matter, and the solution is
brought to dryness for the separation of silica. The residue is taken
up with hydrochloric acid and water, filtered, and ammonium hydrox-
ide is added for the precipitation of ferric and aluminum hydrates.
A precipitate is filtered out and the clear filtrate is acidified with
acetic acid and treated with hydrogen sulphide. A precipitate of
white sulphide here indicates zinec. It may be filtered, washed,
burned to oxide, and weighed, the oxide being recognizable as zine
oxide from its color being lemon-yellow while hot, but white on
cooling. We have made only a very few weighings, as the quantities
found were very small. Those tried range from 0.0003 to 0.0065
gram zinc, calculated on the liter.

Summarizing the samples according to geologic formations, we
have 1 sample from the Quaternary, 5 from the “Coal Measures”
(Pennsylvanian), 25 from the Mississippian, 3 from the Devonian, 6
from the Silurian, and 49 from the Ordovician. This classification is
not exact, because it is made according to the surface geology of the
counties without reference to the depth of the well. But I think it
serves.to show that it is the water from the limestone formations that
carries zinc.

Classifying the samples according to the character of the water, we
have 37 samples from sulphur waters, mostly salt sulphur containing
metallic sulphide, 20 from saline waters, including sulphated saline
waters, 19 from alkaline calcium carbonate waters, including those
also containing sodium carbonate, 7 from chalybeate waters contain-
ing ferrous carbonate, and 6 not classified. Of the 89 samples, zinc
was ‘detected in the clear water of 68; in the remaining 21 it was de-
tected only in the sediment Whlch had formed in the bot.t;le after
standmg

It is interesting to note, a.lso, that the zinc in the sediment of the
saline waters, most of Whlch come from the limestones of the Ordo-
vician formations, is usually in the form of sulphide.

The character of the 89 Kentucky mineral waters is shown in the
following table:



96

‘amIreq[ vV

*q18s Suo1)s A[9)8I0PO

*STH oI A1a lmydns Yeom ‘eurreyre Suong
‘ouryes suleH[ v

0038 I PuB £00B) UM ouzo_w_o wWnpog
‘SPeN mudins aulfes

‘SteN {SFH ewos [mydins U8B YBI M

"SEH Q143N ' {mydns suTjeyje e

*210[80 QUI[BHIV

*QUI[BS SUIOSI[OY A\

"Oro[8) WBH[V

‘oures swWey v

OI018O SUIBHIV

“ourtexye ANUSHS

*OUIEs dUI B[V

ouIeg

“SPH O3I[ © ‘OIO[D SuI[eN1V

*QuUI[Bs PayBu0qIB)

*SPH ST B {JUSWIPSS UT Mnydns 9910

‘SN ‘SPH ‘anydns eurjes 3uol}s A[0e10DOW
%Nmm 9mWIos (QUI[eS

‘S%eN ‘SPH uorr 18d sjred g6 frnydns jies
*QUITES YBIAY

"s¢H (myd[us eurfes

*gey worprrux Jod sjred 3 g9 ‘greN Lanydins jpes Suons
oulIfes

¢ worpprux xd syred gz (mydns ourpes oqwdﬁa PIIN
*SPH ewos ‘eulree A3Y3([s ‘Iydms eures
"0TO[B9 SUITeN[® EO AL

‘ouITEs pooy

*I9)7%8w TeIouTw Jo L1juenb rens

*SEH OWIOS {JUIWIPAs ul ydns 991] pus oulZ
*Apsour soyeydns ‘19jem ouI[es

“I97eM [[oM 95eIoAB UV

-ouIres duons

- ’ . ~1978M omd A1 A
‘our[es

*gPH owos (SN fmydns oures eurfey[8 Suoxs A10A
‘§éH emos imyudms Jeom

*91eaqAreqo Suolls A[0)eIapo

P
T " €0QDUZ 10 008L],
SU7Z JO 90%I) POXIEI
“JUOWIPAs U SUZ (9081} POIB
“JUSWIPAS UT §UZ O V
ouz uorpra 1od syred g%
" *JUIWIIPSS Ul §U7Z 9WOS
......... SUZ JO 098I,
~90%I) payremr 19
..... *£QQUZ J0 00%I],

JUQWIPAS UT §U7Z JO 8981,
JUQUWIPAS UL SUZ 9N V

90%1} PONTEIL
3s Ul §uyz Jo Ajjuenb a1qejoN

***JUOWIPeS Wl §UZ
...... mOOQN ouI08
“2QOUZ JO 008L],

.................. “€00UZ JO 99081,
** U EQouZ Jo Ajrpuenb [remg

ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

*19)8M JO I910818YD

“(30917 30d
sureid)
Spryos
1el1og,

00 9T Z

*(399))
oM Jo
yydag

‘oN £103
-e10q8]

‘edvg

qz0do1
renuus
Jo "ON

-£quno)

{-awnpoo puooes ur pajearpuy s3dodes penuue uy poysiqnd pue torjels juswriedx [ [BINMOIISY AYonjusl] Jo L1opeloqe] UL 9pewl sesA[euy]

Uz BunUIDIU0D $42IDM DU FYONIUIST



97

*gz1-021 *dd ‘sos[ewe Jo 0](e] O} UY USALS ST 10je STYY JO SISA[8UE 0ATIeyIenD oy, o

*9783QATeY Y8 M.

*SEH O[T ® ‘our[es Suox)s ey

‘STH S[WI B 1I138M JOIT An[g-

‘gfeN ‘S (muydns ourres 3uoa)s

‘S¥H owos ‘ourjes Suons

*§*H Lynymend siqejou (mydms sulreyre PITN
-ourpesoydmg

*I13)em 308ImMS AISUIPIO

5 ‘g%eN {mudns suifes oumI[eyre Suonjs A0 A
‘SPeN ¢ m«W ouos Lmydms Yeaa ‘suriexre %mw:w
*SPeN ‘gFH uorn Jod sjred o1g T {mydins sutjes Suors AToA
‘S¥eN ‘SPH omos Lmydns sul[es SWey[y

‘QPeN ‘SPH omos {mudms suires auIrey[e pooy
*9)8U0Q I8 WNIPOS SUIPNIOUL ‘S9IBUOQILO [[B8 ‘OUI[eH]Y
‘989 ATEYD 9101RD)

9183 ATeU0 Yeom AIOA

*oTo18)

*§%BN omos mwuw {mydpmns surfes

a1eaqAeyo Suox)s A[01BI0PO

*S%H omwos (118s JuoI)s Ioyleyy

*1es Suoays eyjey

"OUTTeS QUI[BH[E YB3 M

q
ogeqdms wmIsousew
“URISOUSBW 10TR)D)
“SEH JO 908BI} {OIO[BD QUI[BY[V
“ouIyes Suong
+0S3W L1yuenDd o8re] Jo)eI WHIA 9)BIQATBYD
8009, ST SPITOS JO $193Ienb-081Y} 1940 (9)80QARYO SWBY[YV
.%Banon._ao OUI[BY[® YBIM
~gvH uorrux 1od syred $8 {gPeN {mudns sures surfede Suons
-I9jeMm [[om 938I0AY
‘guriq Suong
‘SEeN (ST myudms 3jes pooH
*SPH “mydins durjes sul[eI[e e M
. .. oUIres sureyyy
‘S%eN {SPH -mydims j[es pooy)
outreg
*S°H uorriru z8d syred £°g1 (mydms sulres P
OUITES eI M\
*DIO[BO HBO M
‘geH owos mydms SUITes Y89
*s97eqdns pue ‘s3)8UO0qIEd ‘SaPLIOTID)
*SCH o3I © ‘mydyns 918s 3uoI)s A[918I19POI
aur[es 3uoijs A[9)BI9pPO
‘SeeN {gPH emros imudms suires suIfed[v
"SSH 913311 B ‘pajeuoqres sulfex]y
*QUITES SUIBHTV

GENESIS OF THE ORES.

*oures Ju0)s A[0)RISPOIN |
‘0

***EQQUYZ JO 9081,
......... op i
..... SuZ Jo 9081J,
TISuZomnn v
“E0QUZ oI V

ALY R
J0 £Lqpyuenb [rewg
........... fLeeH
«.OOQN JO 99®1],
.......... 9981 T,
EQQUZ JO 0981,
“JUSTUIDRS Ul §UZ
T TEQQUZ JO 89BLY,
Auenb [rewg

ryuenb spqejoN

£0QU7Z J0 00BLT,
........... op- -0
30BIT,
**7 - guz jo Lyuenb o1qeioN
............. mOUﬁN 10 32%1],
e OOTZID o]
....... 9081 PIYIBIY
0 Ajryuenb o[qeioN

908l
£oouz jo LAynpuenb fews

JUOWIIPAS Ul §UZ ‘Uz omog
27" T1UAmWIpPaS Ul SUZ 9WoS

*“*quowrpes Wl QUZ Jo Ajuenb o[qeioN

“UOSON.
Sroquerymiy

84551°—Bull. 606—15——7



98 ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

WELL, SPRING, AND MINE WATERS OF MISSOURI (TABLE 4%).

Two published reports deal especially with the mineral waters
of Missouri-——Schweitzer’s report on the mineral waters of the State
and Shepard’s report on the underground waters, both cited in the
list given above. Many of the analyses included in Shepard’s paper
were originally published in earlier water-supply papers, issued by
the United States Geological Survey, and the earlier publications
are the ones cited in the accompanying tables. The analyses taken
from these sources have been supplemented by four analyses given
in the chapter on the lead and zinc.deposits of the Ozark region,
contributed by E. R. Buckley to the volume entitled ‘‘Types of ore
deposits,” as well as by several analyses collected by W. S. Tangier
Smith in connection with earlier work on the district and by a num-
ber of commercial analyses communicated by Prof. W. George War-
ing and others. It has thus fortunately been possible to get together
a fairly large collection of analyses of Missouri waters. These
analyses cover practically all classes of waters in the Joplin district—
limestone springs, sulphate springs (probably contaminated by mine
drainage), mine- waters, and deep-well waters. Although in more
than half these analyses no test was made for zinc or lead, some
samples of sediment deposited from waters that were not themselves
tested for these metals were assayed for this report and have on
analysis shown lead or zinc or both.

SPRING WATERS OF ARKANSAS (TABLE 5).

.At the town of Sulphur Springs, in the northwest corner of Arkan-
sas, several springs rise to the surface in the valley of Butler Creek.
One of these is known as White Sulphur Spring and another as
Black Sulphur Spring. The analysis of water from the former was
made by Prof. W. George Waring. Another analysis, by Dr. A. E.
Menke, has been published in the Arkansas Geological Survey’s
report on mineral waters, but as its source is called simply the
““Sulphur Spring,” it is uncertain from which spring the sample
was taken. In its geochemical characteristics the water analyzed
by Menke differs considerably from the water analyzed by Waring,
and they fall a considerable distance apart in the synoptical table.
Sulphide sediment from each spring was analyzed by Waring
and showed the presence of lead, zinc, copper, and iron. Crystal-
lized pyrite, calcite, and quartz are also forming in these sediments.
These interesting sediments are discussed more fully on pages 185-187.

WELL AND SPRING WATERS OF KANSAS (TABLE 6).

Kansas waters are described in Bailey’s report and also in the
United States Geological Survey water-supply paper by Parker
listed on page 90. Except an analysis of water from a limestone
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spring and one of water from a spring containing zinc sulphate, the
analyses cited from Kansas are of artesian (but not flowing) wells,
most of them serving as sources of municipal water supply. When
so used, the water is usually pumped into a surface reservoir and in
this reservoir a dark sulphury sediment settles out of the water.
All samples of this sediment examined contained weighable quanti-
ties of lead and zinc. Thus several of the waters can be said to
carry these metals, although the waters were not tested for them
when the analyses were made. These precipitates and their bearing
on the genesis of the ore deposits are discussed in greater detail on
pages 162-173.
WELL AND MINE WATERS OF OKLAHOMA (TABLE 7).

No report dealing with the waters of the eastern part of Oklahoma
has yet been published, and it has therefore been necessary to com-
pile such commercial analyses as are available. Nine of these are
given in the table, together with analyses of three mine waters. The
water from the Church-Mabon mine, north of Miami, in common
with water from the other mines in this region, is charged with
hydrogen sulphide and when classified by its properties according to
the geochémical system falls alongside the water from the Nowata
artesian well, which it very closely resembles. The water from the
Chapman & Lennan mine, which is not far from the Church-Mabon
mine and at the same geologic horizon, as sampled when the mine
was first opened, is likewise a sulphur water, but differs from the
water of the Church-Mabon mine in showing considerable sulphate
salinity, indicating some surface oxidation, an indication which is
corroborated by the higher lime-magnesia ratio and by the reported
occurrence of stringy masses of sulphur bacteria in the water. In the
classification it falls between waters from the deep wells at Nevada
and Clinton, Mo. A second analysis of this water was made three
months later, pumping having been continuous during the interval.
This pumping had lowered the ground-water level so that surrounding
mines were draining to the Chapman & Lennan mine, the deepest
- in the region. A comparison of the analyses shows a very pro-
nounced change in the character of the water. When first sampled it
was a primary water in which the alkali metals were predominant,
but when the second sample was taken the water had changed to a
secondary water, in which the alkaline-earth bases were predomi-
nant. There was a corresponding decrease in the chloride and sul-
phate radicles, which gave place to carbonate radicle, and in the
content of hydrogen sulphide, which had been pronounced when the
first sample was taken but was no longer evident. Attention is
here directed to the position of these mine waters in the geochemical
classification, for they will be discussed later as having a decided
bearing on the theory of ore genesis presented in this paper.
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Waters from the Radium well at Claremore, the Whitaker Park
well at Pryor Creek, and the waterworks well at Vinita, show traces
of lead and zinc, and sediments from these wells and from the water-
works well at Afton yield measurable quantities of lead and zinc.
The Claremore and Nowata well waters are salt to the taste. Dr.
E. H. Keiser, reporting under date of July 29, 1903, the analysis of the
water of the Radium well at Claremore, says:

I find that this water is highly charged with hydrogen sulphide gas. * * * The
water when first drawn has a green-yellowish color. On standing, a black sediment
collects on the bottom of the vessel, and if the water is exposed to the air a white
precipitate of sediment slowly forms throughout the entire body of water. This
formation of a white precipitate on standing is due to the liberation of finely divided
sulphur from the gas (hydrogen sulphide) in the water. The black sediment that

settles out is chiefly iron sulphide, but contains a little zinc sulphide. I was not able
to find lead in the water.!

WELL, SPRING, AND MINE WATERS OF COLORADO (TABLE 8).

Of the ten analyses of zinc-bearing waters from Colorado, five
were made by Dr. W. P. Headden, three by the United States Geo-
logical Survey, and the others were made by chemists indicated
in the list. The analyses comprise waters from hot and cold springs,
deep mines, a surface stream, and a sulphate well, whose water corre-
sponds closely to mine water and was probably contaminated by
mine water. The widely separated positions of the two analyses of
the water of Geyser mine in the synoptical table are noteworthy, the
water from the 2,000-foot level (p. 149) having the primary or alkali
bases predominant, whereas that from the 500-foot level (p. 151) has
the secondary or alkaline-earth bases predominant. The analyses
of the Poncha Hot Springs and of the Hot Spring No. 1 at Wagon
Wheel Gap fall very close together in the synoptical table (p. 149).
Zinc was determined in the deposit from the water of each spring.
WELL, SPRING, AND MINE WATERS OF MICHIGAN, MONTANA, NEVADA, AND CALI-

FORNIA (TABLE 9).

With the exception of the water of one hot spring the waters
analyzed from Michigan, Montana, Nevada, and California are
deep-mine waters, most of which were supposed to be below the
reach of surface or oxidizing influences. They were collected for
their bearing on the genesis of the particular ore deposits with which
they are associated. The water from the 3,095-foot level of the
Tamarack mine of Michigan and from the 1,800-foot level of the
Gagnon mine of Montana fall side by side in the synoptical table and
resemble each other very closely, the principal difference (p. 152) being
the larger content of sulphate radicle in the water of the Gagnon
mine. In both, calcium chloride is the principal constituent. The

t Advertising circular of Claremore Radium Wells Co,
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water from the 2,200-foot level of the Green Mountain mine, Mon-
tana, resembles the Gagnon water, except that 78 per cent of the
acid radicles consist of sulphate and calcium sulphate is the chief
constituent, thus indicating a large component of surface oxidizing
waters. Both the Montana mines are in the Butte district and
both the waters have a faintly alkaline reaction. The water from
the 2,316-foot bore hole in the Mizpah mine at Tonopah, Nev.,
contains an excess of the sulphate radicle, indicating surface origin,
with primary or alkaline bases predominant, and resembles very
closely the water from the Lullusquelle, which it adjoins in the
synoptical table (p. 151). The water from the 400-foot level of the
Federal Loan mine was collected by Lindgren,' who has recently
commented upon it as follows:

Some years ago, in & report on the gold quartz veins of Nevada City and Grass
Valley, Cal. (U. 8. Geol. Survey Seventeenth Ann. Rept., pt. 2, p. 121, 1896) I
presented an analysis of an ascending spring.found in the Federal Loan mine which
carried some arsenic and hydrogen sulphide. At that time I held the opinion that
this water might possibly have had some connection with the genesis of the vein,
but it is now apparent that it is simply water of the general surface circulation which
happened to find its way up on the vein and which dissolved certain constituents
from it.

In the synoptical table (p. 151) this water falls between the water
from the 500-foot level of the Geyser mine and water from the deep
well of the Missouri Lead & Zinc Co. at Joplin, resembling the latter
very closely.

The analysis of the water from Steamboat Springs, Nev.,? has
been included in order to compare a hot alkaline sulphide-depositing
water with the cold alkaline-saline sulphide-depositing water of
the Joplin region. Classified by the geochemical system the water
from Steamboat Springs finds its place among several cold springs
of Colorado and Germany and a well water from Oklahoma. It
has a considerably higher chloride salinity than any of these, how-
ever. In calculating this analysis the boron has been regarded
as colloidal and the very small quantity of antimonate radicle reported
has been disregarded. The water probably contains minute quan-
tities of lead and zinc, as well as other metals, for these are found
in the sinter deposit from which the springs emerge.

1Lindgren, Waldemar, Mineral deposits, p. 42, footnote, 1913.
2 Becker, G. F., Geology of the quicksilver deposits of the Pacific slope: U, 8. Geol. Survey Mon. 13, p.
347, 1888,
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GENESIS OF THE ORES.
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ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.
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TABLE 1.—Chemical character and geochemical properties of foreign zinc-bearing and
related waters.

No. in synoptical table.................... -

Source of water........cocoiiiiiiiiiiiiiaa..
TompPerature. . ..ceeeueeeeinennesecneiacanens

Lindenquelle.....
10.2° C.=48.3° F .

Grosser Sprudel.
34.2°C.

PROPERTIES.

Primary salinity.......ccooooiiiiiiiiiit,
Secondary salinity. .
Tertiary salinity. ..
Primary alkalinity...
Secondary alkalinity . .
Tertiary alkalinity...........ooooaiaiioe,

Chloride salinity. ..ccovemieeeiiiiaieiaanan.
Sulphate salinity....ccvveeeeinniiiiieinaaaas

REACTING VALUES.

Sodium (Naz .
Potassium (
Lithium (Li)...

million.
48.26

Calcium (Ca). .
Magnesium (M
Barium (Ba
Strontinm (
Earths

Iron (Fo)...

Parts per |

Parts per
million.
15.42

Nitrate (NOg
Thiosulphate (Sg0s). .

Strong acids.......viiiiiiiiiiiiiil,

Carbonate (COs)
Sulphide (S)
Hydroxyl (O

Arsenate ( s04

Phosphate(1’04)..........................:::

Total value of reacting solids...........

BASE ANALYSIS.

(Summary by weight, in parts per million.)
Total welght of reacting solids
Colloids (SiOg, Al3Os, FesOs, BOy, etc.)..

Tota.l dissolved solids..................

Hyd.rogen sulphide (H2S)...ceveeenann...
Carbon d10x1 8(CO2)uuuernreiiacnnnnnn.

Gas

100.0 | 139.98 100.0 | 228.0 100.0 | 56.56
5,471 8,636 2,223
31 273 33
5,502 8,900 2,256
"""" 9555 |LliTTTTT{s0 T
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TaBLE 1.—Chemical character and é]
relate

ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

eochemical properties of foreign zinc-bearing and
waters—Continued.

No. in synoptical table.......... oecemaranann

16

Source of Water......c.eeeiiiiiiiiiiiiiaaaa,

Temperature. ....c.ocoeeeriiiiiiiiinnnannnn

Arienheller

“Kainzen-(St.
é'sonéons) Quelle.”

Rhenser Sprudel.
23.2° C.

PROPERTIES.

Primary salinity.........ooooooiiiiit
Secondary salinity. .....
Tertiary salinity........
Primary alkalinity......
Secondary alkalinity....
Tertiary alkalinity....................... ...

Chloride salinity............
Sulphate salinity.

REACTING VALUES.

Sodium (N@)....covimnieniiiiiii e,
Potassium (K)..........
Lithium (Li)............
Ammonium (NHy)

Alkalies. ..oveeeniiineniie il

Caleium (€a).. - cvenveeiaeiiiaiiiaiaa e
Magnesium (Mg) .

Barium (Ba,
Strontium (Sr).. . .ccoiiiiii i,

Sulphate (SO4)..-ceeeee i
Chloride (C1)
Bromide (Br)
Todide (I)
Fluoride &F)

Carbonate (CO3)
Sulphide (S)....cccaeeenn.
Hydroxyl (OH)...........
Arsenate(AsO4)....o........
Phosphate (POy)

Weak acids. .. .ooveveneeinnnnninnnann..

Sum of acids. .......... e

Total value of reacting solids...........

BASE ANALYSIS,
(Summary by weight, in parts per million.)
Total weight of reacting solids................
Colloids (SiOg, AlzO3, FesOs, BOy, ete.). ......

Total dissolved solids.......c...cooo..
Gases:

Hydrogen sulphide (HzS).....ceceanna...

Carbon dioxide (CO2)...veveieeeannnan...

Parts per
million.
44.43

1.019

Parts per
million.
10.09

.1045

1 .0231

cent.

Parts per
million.
44.06
.4887
L1724
.1388

32,9 |eeuennnnnns 45.8 [cenvinnnnnn 21,2 foeeiiiann.
50.0 | 65.91 50.0 10.65 50.0 56.63
100.0 | 131.8 100.0 [ 21.30 100.0 | 113.3
4,867 610 _ 3,993
32 11 38
4,899 621 4,031
................... Trace.
1,846 0 3,106
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TaBLE 1.—Chemical character and geochemical properties of foreign zinc-bearing and
related waters—Continued.

No. in synoptical table............ e

26

29

37

Source of water...o...ooeiiiiiiiiiii i

Temperature. .........ooveiiiiieniiiiaainaiannns

Niederbronn ....

Solquelle ‘“Boni-
fazius,”

Schénbornspru-
del.

PROPERTIES.

Primary salinity
Secondary salinity
Tertiary salinity ..
Primary alkalinity..
Secondary alkalinity ..
Tertiary alkalinity

Chloride salinity
Sulphate salinify...........cocoiiiiiiiiiial,

REACTING VALUES,

S0GIUM (NQ) .o et rieanaeaieaaaaaaananannn
Potassium (K)
Lithium (Li). e coveerioiiiii i,
Ammonium (NHy)

ALRANES. .. oeeeeeeeeei e

Caleium (Ca)..coveeeeeemiii e,
Magnesium (Mg)
Barium (Ba)
Strontium (Sr)...coeeeiiiiiiiiii i

B0 40) (W @ ) T

Aluminum (Al)

Manganese (Mn)

Hydrogen (H)

Nickel ENI)

8obalt (%o))
opper (Cu)...coeeeiiienieineaannn.

(‘agmium (Cd)

Lead (Pb)

Zinc (Zn)

Metals

Parts per
million.

Parts per
million.

Parts per
million.
160.7
4.760
. 3707
.4785

Sum of bases

SuIIphate (S04)
Chloride (CI)..
Bromide (Br).
Todide (I).....
Fluoride (F). .
Nitrate (NOs)... .
Thiosulphate (Se03).cecviieineiieiiininniaan.

Strong acids.........oooooiiiiiiiLL

Carbonate (CO3).
Sulghide (S)..
Hydroxyl (O
Arsenate (AsOq
Phosphate (POq).

Weak acids..co.ooveeiiiiiiiaiiiaii..

1.1

Sum of acids

50.0

50.0

50.0

Total value of reacting solids

100.0

100.0

100.0

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total welght of reacting solids...................
Colloids (SiO3, Al;O3, Fes03, BOq, etc.)..........

Total dissolved solids
ases: .
Hydrogen sulphide (H,S)

Carbon dicxide (CO2)
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TaBLe 1.—Chemical character and geochemical properties
related waters—Continued.

ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION,

of foreign zinc-bearing and

No. in synoptical table

39

41

43

Sottree of Water. ... ..oooeiiiiiiiiiiiiiaiiian.s

Temperature. ... ..coooemuieimmaennnaaanaaannn

Salztrinkquelle. .

Elisabethbrun-

Martinusquelle.
10.6° C

PROPERTIES,

Primary salinity
Secondary salinity
Tertiary salinity
Primary alkalinity
Secondary alkalinity
Tertiary alkalinity

Chloride salinity
Sulphate salinity

REACTING VALUES.

Sodium (Na)
Potassium (K):
Lithiom (Li).cco.oeanan..
Ammonium (NH,)

Alkalies. ..ovuere i

Caleium (Ca)....ccvvimemiieeiiii
Magnesium (Mg)
Barium (Ba)...............
Strontium (Sr)

0D T -
Aluminum (Al)
Manganese gin)
Hydrogen (H).............
Nickel (Ni)....

Cobalt (Co). .
Cogper (Cu)....
Cadmium (Cd).
Lead (PDb)
Zinc (Zn)

Sulphate (S04)..eeeeimieae e
Chloride (CI)...
Bromide (Br)..
Todide (T).ceeeeeenecnannns
Fluoride (F).............

Nitrate (NOs)
Thiosulphate (8:03)

Parts per
‘million.
118.6

784
.0517
.0835

Parts per
million.
132.8

Parts per
million.
155. 8

Strong acids......coeeeiiiiillL ...

Carbonate (CO3)
Sulphide (8)......cc.......
Hydroxyl (OH)
Arsenate (

Total value of reacting solids..............

BASE ANALYSIS,
(Summary by weight, in parts per million.)

Total weight of reacting solids...................
Colloids (SlOz, Alea, Fey0s, BOZ, (<1702 IR

Total dissolved solids

ases:
Hydrogen sulphide (H.S)
Caslrrbon dioxid% (COy9)

Gasese O dissolved solids. oo
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TaBLE 1.—Chemical character and geochemical properties
related waters—Continued.

111

of foreign zinc-bearing and

No. in synoptical table.......................... 44 47 50
Source of water.......coviiiiiiiiiiiiiiaaaaa Elisabethquelle. . Sydnelgrs water- [ Viktoriaquelle,
works.
TempPerature. . ...c..oueeeeeeieeeeaeennaennaaans VA R N 13° C.
PROPERTIES.
Primary salinity. ... ....oooooiiiiiiiiiiiiiian 80.4
Secondary salinity . .. 16.0
Tertiary salinity . . .o. ..o ooe i e
Primary alkalinity ... ... e
Secondary alkalinity . 3.6
Tertiary alkalinity...........oooooiiiiiii e
R 100.0
Chloride salinity.............coooiiiii. 96.2
Sulphate salinity..........cooooii i
Per |Partsper| Per | Partsper| Per | Parlsper
REACTING VALUES. cent. | million. | cent. | million. | cent. | million.
Sodinm (N&)..oveoieeneie ittt iaaaaancaans 3.2 180.3 32.1 0.7582 39.2 | 178.0
Potassium (K) %] 2.043 1.1 . 0262 .4 1.918
Lithium (Li).... .. Al L5642 ..ol .4 1.543
Ammonium (NHg)..oooeemiiiiiiiiiininennn.. .1 185 | .1 . 4187
Alkalies. ...covieiiiiiiiiiiiiiiiaiiiiaana 40.2 [Lovuennnns 33.2 feniiilt L: (02 N DR
Caleium (Caz .................................... 8.3 | 38.15 5.3 .1280 8.1 36.67
Magnesium (Mg) .. 1.2 5.635 1.1 . 2748 1.4 6.55
Barium (Ba%.. - .1 20 T N PN .2 . 8559
Strontium (8r).. .o vum e 2 1004 |oooooifeeeiaa.o.. .2 1.062
Earths.o.oeieiiiiiiiiiiiiiiiiai i 9.8 |iecaaannns 616.8 [.cecuann.. 9.9 |ieenennnen
o) 0 ) SO
Aluminum (Al).. I P

Manganese (Mn).
Hydrogen (H)...
Nickel ENi; eee

Cobalt (Co

Cogper (Cu)...
Cadmium (Cd)
Lead (Pb)....
Zine (Zn)

Sulphate (SO4)..cve it
Chloride (Cl). ... -
Bromide (Br)...
Todide (I).....
Fluoride (F)..
Nitrate (NO3). ...
Thiosulphate (S;03)

Stfong ACIAS. et
Carbonate

r éCOs) ................................
Sulghlde( )eonn ..
Hydroxyl (OH)..

Arsenate (AsOq).

Phosphate (POg)---woo-wonnomnnomnnennnaennns =
Weak acids.....coooeiiiiiiiiiiiiiiiiiie. L8 [ioeeinanns 81 ). I I FORRUSUR
Sum of acids.....coeeiiiiiiiiiiiiii. 50.0 | 229.8 50.0 1.197 50.0 | 227.02
Total value of reacting solids.............. 100.0 | 459.6 100.0 2.394 100.0 | 454.0
" BASE ANALYSIS.
(Summary by weight, in parts per million.)
Total weight of reacting solids................... 13,562 74 13,274
Colloids (Si03, Al;0s, Fe:03, BOy, ete.).......... . 37 3 35
Total dissolved solids..................... 13,599 77 13,309
Gases:
Hydrogen sulphide (HeS).ceeeeuieaeeneeeres]eereonnioccesnsona|orosemeneoneaacee]erecenecanasannns
Carbon dioxide (CO2)eeeeerereereeaennnnnn.. 123 260

a The reacting value of the zinc is included with that of the earths.

.
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ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

TABLE 1.—Chemical character and geochemical properties of foreign zinc-bearing and

related waters—Continued.

No. in synoptical table

52

54

57

Source of water

Temperature.

Grossherzogin-
Karolinenquelle.
14° C

Antonienquelle,
28° C.

PROPERTIES.

Primary salinity. ...
Secondary salinity
Tertiary salinity. .
Primary alkalinity..
Secondary alkalinity

Tertiary alkalinity....

Chloride salinity
Sulphate salinity.

REACTING VALUES,

Sodium (Na)........
Potassium (K)
Lithium (Li)
Ammonium (NHy)

Alkalies

Calcium (Ca)
Magnesium (Mg)....
Barium (Ba,
Strontium (Sr)

Cobalt ECo)
Copper (Cu).......
Cadmium (Cd)....
Lead (Pb)
Zinc (Zn)

Metals

Sulphate (SOq)
Chloride (Cl)
Bromide (Br)
Todide (I)
Fluoride
Nitrate (
Thiosulphate (S203)

Strong acids

Carbonate (CO;)
Sulphide (S)
Hydroxyl (OH)...
Arsenate (AsO,)...
Phosphate (POy)

Weak acids

Sum of acids. .

Total value of reacting solids

BASE ANALYSIS,
(Summary by weight, in parts per million.)

Total weight of reacting solids.
Colloids (SOg, Al1,03,

Total dissolved solids

0s:
Hydrogen sulphide (HaS)..
Carbon dioxide (COg)

as

Ny

Parts per
million.

Parts per
million.
165.1

. 9469
.0733
. 0448

Parts per
million.
7.454

e203, BOg, otc.).
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TaBLE 1.—Chemical character and geochemical properties of foreign zinc-bearing and
related waters—Continued.

No. in synoptical table.......................

58

59

61

Source of Water..ee ee.eoiaieeiiiiiiennaaas

Temperature..........c.cceieeniemniennnannn. 166

Carlsbad Sprudel.
° F

Néris-les-Bains . ..
50°-52.8°C...... e

Lullusquelle.
10.5° C.

PROPERTIES.

Primary salinity
Secondary salinity. ...
Tertiary salinity
Primary alkalinity....
Secondary alkalinity..
Tertiary alkalinity

Chloride salinity
Sulphate salinity.........coveeeiiiiieiaa.

REACTING VALUES.

Sodium (Na)..o.oveeneeniinimmnaniiaaa.
Potassium (K)......

Lithium (Li)........
Ammbdnium (NH,)

Parts per
million.

AlKalies. ooe e

Caleium (C).ue o ceeecaeeaieiieaiaannns
Magnesium (Mg)
Barium (Ba)..........

Strontium (Sr)e..cveueeiiiiririenniaa...

Iron (Fe, .
Aluminum (Al)...
Manganese %Lu). ...
Hydrogen (H)......
Nickel Ni;

Cobalt (Co
Cogper (Cu).......
Cadmium (Cd)....
Lead (Pb)
Zine (Zn)

Parts per
million.
14.27

.5312
. 07728
Trace.

Parts per
million
41.67
.4203
. 0351

Sum of hases....veeeueenieenieeaninann

Sulphate (8O4)........cociiiimeiiiiiiL,
Chloride (Cl)........

Bromide (Br)
Todide (T)...........
Fluoride (F)........
Nitrate (NOg).......
Thiosulphate (8303)-

Strong acids...
Carbonate

I écos)
Sulg:ude( )--
Hydroxyl OH;.
Arsenate (AsOy).
Phosphate (POy4)

Weak acids.

Sum of acids

Total value of reacting solids

100.0

100.0

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weight of reacting solids................
Colloids (8iOs, Al,03, Fes05, BOg, etc.) ......

Total dissolved solids
ages:
Hydrogen sulphide (H,S)

Carbon dioxide (COg)

a The reacting value of the zinc is included with that of the earths,

8

84551°—Bull. 606—15-
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ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

TasLe 1.—Chemical character and geochemical propertmes of foreign zmc-beamng and

related waters—Continued.

No. in synoptical table............0......... 62 63 85
Source of Water.....ceeeereeenienenenannannnnnn Carolaquelle ..... Fontmallssprudel Hollensprudel.
TemPEratire. .. eooeeeeeeneeeeeeaeeananananan °C e AT°C L 14.5°C.
PROPERTIES.
Primary salinity.......................
Secondary salinity...... :
Tertiary salinity..........
Primary alkalinity........
Secondary alkalinity
Tertiary alkalinity . ............. ..o iieiai.
Chloride SAlNIY . . .evevninneeereeeeecananns . . .4
Sulphate salinify._ ..........o..o....o.iiiiiiil 46.6 L6 -6
Per |Partsper| Per |Partsper| Per |Partsper

REACTING VALUES, cent. | million. | cent. | million. | cent. | million.
Sodium (Na % 17.3 { 10.34 17.4 ] 12.23 1.6 ) 0.4888
Potassium (] . . 8083 .8 .5427 .1 .0372
Lithium (Li) .1 1| .0704 0| .0022
Ammonium (NHy) - Trace. .0 L0251 |........

Alkalies

glalclum (Ca()ﬁ ..................................
agnesium
Barglﬁm (Ba 2

Iron (Fe).......oiiieeiiiiiiiiieecee i eaeaaaanes
Aluminum (Al)..
* Manganese (Mn)
Hydrogen (H)
Nickel (Ni)
Cobalt (Co)..
gper (Cu) .....
mmm (Cd)

Zinc (Zn)

Sulphate (SO4)
Chloride (CL)..

Bromide (Br)
Todide (I).....
Fluoride (F) .
Nitrate (NO3)
Thiosulphate (8:03)

Strong acids..........ociiioiiiiiiiaL,

Carbonate écog)
grhlde (

1
Arsenate (ksO;)
Phosphate (POy)

Weak acids....oooiiiiiiiiiiiiiianinanaa..,

Total value of reacting solids..............

BASE ANALYSIS.

(Summary by weight, in parts per million.)
Total Weight of reacting solids.. .................
Colloids ( 102, A],zOs, FSQOs, BOQ, ete.) ...o.o...

| Totel dissolved SOUAS. - oo

Hydrogen sulphide (st)
Carbon dioxide (COg)

Gas

18.8foeeenn... 4.0 [oeeeen... 49.4 | ooeenenns.
50.0 | 29.81 50.0 | 35.13 50.0 | 15.03
100.0 | 59.62 100.0 | 70.26 100.0 | 30.06
2,132 2,726 1,196
13 23 116

i
i
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TABLE 1.—Chemical character and geochemical properties of foreign zinc-bearing and
related waters—Continued.

No. in synoptical table.........

94

97

113

119

Source of water.................

Temperature...................

Caspar -Hein-
rich-Quelle.
10.2°C

Eulenhofer
Quelle.
9.4°C

Cransac Spring. . .
32°-48°C.........

Guber Spring,

PROPERTIES.

Primary salinity...............
Secondary salinity.............
Tertiary salinity...............
Primary alkalinity.............
Secondary alkalinity
Tertiary alkalinity

Chloride salinity...............
Sulphate salinity...............

REACTING VALUES.

Sodium (N&)......ooenvennnnn.
Potassium (K).
Lithium (Li). .. .......oo.....
Ammonium (NH,)

Alkalies,...ooooeveieannnn

Iron (Fe).....ocoeeieneeenennnnn
Aluminum (Al).. ..
Manganese (Mn)..........
Hydrogen (H)...........
Nickel (Ni)....

Cobalt (Co)..
Cogper (Cu)....

Cadmium (Cd)

Lead (PH).ceceeuenean... -
Zine (Zn)..eeeeeeeniaaannnan.

Sulphate (SO4)...ceueennn.....
Chloride (C1)... ..
Bromide (Br)..
Todide (I)...coeevennnnn..
Fluoride ISIF)

Nitrate (

Carbonate (CO3)
Sulghide (S&. ..
Hydroxyl (OH
Arsenate (AsO,
Phosphate (POy).

‘Weak acids......
Sum of acids.......

Total value of reacting
solids

BASE ANALYSIS.
(Summary by weight, in parts
per million.)
Total weight of reacting solids. ..
Colloids (Si0;, Al;O5, FesOj,
BO;y, etc.) ..

Total dissolved solids....
Gast;gs{: dr ulphide (HzS

ydrogens e

Garbon dioxide (GO 21

Per | Partsper
cent. | million.
0.8 0.3001

Parts per
million.
0.2446

Per | Partsper

cent. | million.
1.2 1.557
1.3 1.662

Trace.

Parts per

million.
0.09279

.9 L2177

100.0 | 38.32 100.0 | 8.522 100.0 | 127.1 100.0 | 24.70
1,492 323 4,060 776
23 25 87 7
1,515 348 4,147 782
Trace.  |eeeuecueeeaansanafocneaneeniesaeenoncfeeiiiniiiiinas
1,808 119 D
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ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

TABLE 2~Chemwal character and geochemical properties of zinc-bearing and related
waters in Eastern, Central, and Southern States.

No. in synoptical table........................

28

66

Source of Water...........oooiiiiiiiiiiiiaa.s
Temperature..........coovveiiiimmnneennnnn..

Thompson Sprmg_

Caddo oil well...

Minnequa Spring.
47° F.q Pring

Primary salinj
Secondary salinity..........
Tertiary salinity............
Primary alkalinity
Secondary alkalinity
Tertiary alkalinity

Chloride salini
Sulphate salinity......c.cooeiiiieinmicnanna

REACTING VALUES.

Sodium (Na)..
Potassium (K)
Lithium (Li)..

Ammonium (NIL)

Alkalies.

Calcium (Ca)..
Magnesium (M;
Barium (Ba)..
Strontium (Sr)..

Earths..

Iron (Fe).....
Aluminum (Al).
Manganese (Mn)
Hydrogen (H)
Nickel (Ni).
Cobalt (Co).
ngper (Cu)

Sulphate (SOy)......
Chloride (Cl)..
Bromide (Br)
Todide (I)..
Fluoride (F). .
Nitrate (NO;)
Thiosulphate (S203)

Strong acidS....oveenniiiiiienniiiiiea.

Carbonate
Sulphide (S).eoveeenenn-.-
Hydroxyl OH) ...........
Arsenate (
Phosphate (P04)

WeaK ACHAS .« v vumeneeeneeieeeenannnn.

Sum of aCIdS.eeneeiririie i

Total value of reacting solids

BASE ANALYSIS.
(Summary by weight in parts per million.)

Total Weléht of reacting solids.................
Colloids (SiOg, Al203, Fe;03, BO3, etc.) .......

Total dissolved SolidS. . .cueeevuenaan...
Gases

Hydtogens (f)hlde (H2S)
Carbon dioxide (COjg)

Per | Parts per
cent. million.
20.8 | 0.5339
6.6 N
.5

Per | Parts per
cent. | million.
191.4

20.48

Per | Parts per
cent. | million.
7.7 0.3276

100.0 | 2.572 | 100.0{ 463.6 100.0 [  4.268
99 14,539 169
21 0 14
120 14,539 183

a The reacting values of the metals is included with that of the earths.

b The reacting value of the zinc is included with that of the earths,
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TasLe 2.—Chemical character and geochemical properties of zinc-bearing and related
waters in Eastern, Central, and Southern States—Continued.

No. in synoptical table.......c..oieeniaana... 67 3 93
Source of water........cooeomiiiiiiiiiiLL Mida Spring....... Coppahaunk | Roanoke Red Sul-
Spring. phur %Prings.
Temperature. .........occooevrvmieeiennnnn .. (5112 Y FO 53°-60° F.
PROPERTIES.
Primary salinity. ...l 10.2 6.6 14.0
Secondary salinity . .....coeeivnimiiiieaiii i ]ieiiie e .2 13.8
Tertiary saliniby . ... ooonrmmmei e e e e
Primary alkalinity...........co.ooooiiaii... T O
Secondary alkalinity.......ccoooooeiiiiillL 76.0 93.2 72.2
Tertiary alkalinity .. .....ooooeivenninieiiiaeee e iiii i oiieii e i e e
. 100.0 100.0 100.0
Chloride salinity . ..ceeeeeeeeaieiiiiiiennaaan, 3.4 6.2 1.4
Sulphate salinity..........coooeeiiiiiiilL. 3.2 .6 26.2
Per | Partsper | Per |Partsper| Per |Parts per
- REACTING VALUES. cent. | nillion. | cent. | million. | cent. | million.
SodTUM (N@).u e eeneaecieiem e iiaaaaaaaaan 0.4102 2.3 | 0.2349 6.3 0. 8042
Potassium (K)..... . 01023 7 07424 .5 . 06488
Lithium (Li)....... 00126 .3 02738 .1 00993
Ammonium (NH)eu.oeuirmminmiieniennniiifiemieeiiiionnnead]oneaieeeeanaaas .1 01712
ALKAlIGS. e e e eeeceeeiiiec e 12,0 [l 3.3 i 7.0 ] coiient
Caleium (Ca).eeeeieuienirrnnieniieniananaa, 8782 45.5 | 4.641 22.0 2.798
Magnesium (Mg)... 4573 1.2 .1233 18.5 2,343
Barium (Ba)......- Trace. .0 00218 |........ Trace
Strontium (81)....eeeeuen-s ORISR IR ISR .0 00228 2.5 3184
Barths.eeoceen e 38.0 |......o.... 46.7 [-eoaa.... 43.0 |...oonnnet
Iron (Fe).eereaonnnnnn e .
Aluminum (Al)....

Manganese (Mn) ...
Hydrogen (H).....
Nickel (Ni)........
Cobalt (Co)........
Cogper (Cu) .......
Cadmium (Cd).....
Lead (Pb)....--...
ZINC (ZN) e e veeaerieae e

Sum of bases..cvveecreieiiieninianan

Sulphate (S04) .. ieiiieiieeii e
Chloride (C1).-..... ..
Bromide (Br)......
Todide (I)..........
Fluoride (F).......
Nitrate (NO3)........
Thiosulphate (830s)

Strong acids.......ooeeoiiiiiiiiiL

Carbonate (COg)
Sulphide (S).......
Hygroxyl &OH)..
Arsenate (AsOy)....
Phosphate (POy)...

‘Weak acids. .

Sum of acidS...covieeniiiaiaa..

Total value of reacting solids............

BASE ANALYSIS.

(Summary by weight, in parts per million.)
Total weight of reacting solids.................
Colloids ( iOQ, Alea, F0203, BOg, etc.) ........

484
5

Total dissolved solidS......ceuvennnn oL

ases:
Hydrogen sulphide (HsS). ..
Carbong dioxide (CO3)

G

499

16
106
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TABLE 2.—Chemical character and geochemical properties of zmc-bearmg and related
waters in Eastern, Central, and Southern States—Continued. .

No. in synoptical table

106

107

112

Source of water

‘Temperature.

Johnson well....

Kings Mineral
Spring.

Aslleghany
S

Primary salini
Secox?gry salutuyty
Tertiary salinity. .
Primary a,]kahmty ..
Secondary alkalinity
Tertiary alkalinity

Chloride salinity .
Sulphate salinity..

REACTING VALUES.

Sodium (Na,
Potassium (
Lithium (Li)...
Ammonium (N H4)

Per | Parts per
cent. | million.
.5 | 10.74
.2171

Parts per
million.
94.73

Per | Parts per
cent. | million.

0.5 0.4976

.8 . 7281

........ Trace.

.1 L1197

Alkalies

Calcium (Ca)
Magnesium (Mg)
Barium (Ba)..

Strontium ( ST,

Earths

Zinc (Zn)

Metals

Sulphate (SO4)
Chloride (CI)....
Bromide (Br)
Todide (I).........
Fluoride (F)..
Nitrate (NO;) .......
Thiosulphate (S203)

Strong acids.

Carbonate (CO3)
g hide (S)
Hy roxyl& H)...
Arsenate (AsOq)...
Phosphate (POy)

‘Weak acids

Sum of acids

Total value of reacting solids

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weight of reacting solids
Colloids (Si0q, A1203, F6203, BO,, ete.)..........

Total dissolved solids

Hydrogen sulphide (H,S)
Carbon dioxide (COz)

4.6 |.eeaaa.l. ) O T P ) U 2 P
50.0 | 32.69 50.0 | 250.9 50.0 | 46.84
100.0 | 65.38 100.0 | 501.8 100.0 | 93.68

2,048 15,836 3,121

56 11 22

2,104 15,847 3,143
.................................... . Trace.
[ O 39
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TaBLE 2.—Chemical character and geochemical properties of zinc-bearing and related
waters in Eastern, Central, and Southern States—Continued.

No. in synoptical table...... ... ... .o

117

118

SoUree of Waber.. ...ttt

TeMPEIALUIS. - e eeii et iittie e eteieccieeie e aeanans 56

Bedford Alum

Rockbridge Alum
Sprin% No, 2.
50°-56° k.

Primary salinity.....oooovoiiiiiiiiiiiii s
Secondary salinity . .-
Tertiary salinity. ..
Primary alkalinity. ..
Secondary alkalinity .
Tertiary alkalinity........................ . RN

Chloride salinity . ... .ceeeee e cieeieceeaanas
Sulphate salinity................... e eeeeeacesieeennnreeennaaaaas

LS T 1001 W ) T
Potassium (K) ..
Lithium (Li).....
Ammonium (NH,)

Alkalies..... e et tea e meareeeaeea e

Barium (Ba).... ..
Strontium (Sr)........... ettt e R,

B0 (o) (1) T P
Aluminum (Al).. ..
Manganese (Mn).
Hydrogen (H)...
Nlckel§Ni).
Cobalt (Co).
Copper (Cu).
Cadmium (Cd)
Lead (Pb)..

Per | Parts per
cent. | million.
0.2681

B L N

Sum of bases. . ...

Sulphate (SO4).n. .ttt i
Chloride (CI). .
Bromide (Br).
Todide (I).....
Fluoride (F)...
Nitrate (NOg)e.veeneeeenea..
Thiosulphate (S:03)

Strong acids............... e et eeeareaeeaaeneeaaaas

Per |Parts per
cent. | million,

R
HOROHMO
-
g

Carbonate (CO3). ..o oveee i
Sulghide [C) PR

Hydroxyl (OH)..
Arsenate (AsOq)
Phosphate (PO4). . oooim it

Weak aCids. .ocenien o

Total value of reacting solids............cooiiiiiiiiiiii.,

BASE ANALYSIS,
(Summary by weight, in parts per million.)

Total weight of reacting SOLdS. . coveeeereiie i
Colloids (8i0z, A1;03, Fe03, BOg, 66C.)eervrvnnnneenannnennnnnnnnnnn

Total dissolved solids.....ovoeeeiiiein i
ases:

Hydrogen sulphide (HaS)......ooieeeiiiiiiiiiiiiiiie i,

oo owide (GO
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TaBLE 3.—Chemical character and geochemical properties of zinc-bearing and related
waters vn Kentucky.

No. in synoptical table................0..... 19 21 22

Sourceof water............oooiiiiiiiiaaan Renfro well....... Sanders well...... Sadieville well.
PROPERTIES.

Primary salinity............o..ooool

Secondary salinity.

Tertiary salinity. ..

Primary alkalinity. . .
Secondary alkalinity.. ..
Tertiary alkalinity...........................

Chloridesalinity . ...............coooola.
Sulphate salinity. ..........coooiiiiiiiiiiis

Per | Partsper | Per | Parisper| Per | Partsper
REACTING VALUES. cent. :r]ni%éign. cent.6 million. | cent. 'millz'oz;z.

Sodium (Na) . oo . . 34. 15.05

Potassium (K). . } 35.8 12.18 .

Lithium (Li)......

Ammonium (NHy)

Alkalies. .....oooeviieiiini P 36.5 ...l 358 |..ceeinnin.

Caleium (Ca). . cvuueeieeeiiieii i 7.5 | 1.689 6.7 2. 895 7.0 2.395
Magnesium (Mg). A 2.139 . A . 466
Barium (Ba)..... e
Strontium (Sr)...... ...l

Earths.... ..o

J6¢0) (@ )
Aluminum%;}yll).. e .. .
Manganese(H N .
Hydrogen (H)......oooiiirniiiiniiiiad e e .
Nickel (1) eeeemmeieieeeainaeaaaan JR P, R
Cobalt (Co)..
Cogper (Cu).
Cadmium (Cd
ead (Pb). N
Zinc (Zn). . . X ) A

Sum of bases.

Sulphate (SOq).
Chloride (Cl)...
Bromide (Br)..
Todide (I). ....
Fluoride (F)...
Nitrate (*70s)......
Thiosulphate (S:03)

Strongacids.............oooolll

Carbonate (CO3)..cveeeenreniieaannn...
Sulghide (8).....
Hydroxyl (OH)..
Arsenate (AsOy). .
Phosphate (POg)....coovenieiiiiiii...

Weak aCids. o.voeoearnecnannnaa.,

Sumofacids....cocoeiieiiinniaaa..

Total value of reacting solids........... 100.0 { 22.46 100.0 | 43.48 100.0 34.08

RASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weiéht of reacting solids............... 772 1,514 1,110
Colloids (SiOq, Al;03, Fe:03, BOs, ete.)...... 8 4 10
Total dissolved solids................. 780 1,518 1,120
Gases:
Hydrogen sulphide (HoS................. 9 22 e

Carbon dioxide (CO2)..ueeeeenennneiiieciiiiiimiiene oo e e
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roperties of zinc-bearing and related

24

36

48

Hopkinsville well

Estill well.......

Sharp well.

PROPERTIES.

Primary salinity
Secondary salinity
Tertiary salinity..............
Primary alkalinity
Secondary alkalinity
Tertiary alkalinity

Chloride salinity. . :
Sulphate salinity..............

REACTING VALUES.

Sodium (Na
Potassium (K)
Lithium (Li)
Ammonijum (NHy)

AlRANES . e e e

Calcium (Ca
Magnesium (Mg)
Barium (Ba)......ce.....
Strontium (Sr)..c.ceneiiiiiiiiiii i

13000 ) IR eveeeen
Aluminum Al
Manganese
Hydrogen (
Nickel (Ni)
Cobalt (Co)
Cogper (074 ) P,
Cadmium (Cd)

Lend (Pb)....
Zine (Zn)

Sulphate (SO4).cceemneoennii e
Chloride (C)............ ..
Bromide (Br)
Todide (I)....ovmenens
Fluoride (F)..........

Nitrate {NOg)...........
Thiosulphate (S303)

Strong acids

Carbonate (COg)
Sulphide (8)..........
Hydroxyl (OH)
Arsenate (AsOy)......
Phosphate (PO4)

Per | Parts per
cent. | million.
5 42.24
2388
0802

Parts per
million.

4.17

Parts per
million.
227.3

Weak acids

Sum of acids

Total value of reacting solids

BASE ANALYSIS.
(Summary by weight, in parts per million.)
Total weight of reacting solids
Colloids (SiOg, Al,03, ¥e;03, BOg, etc.).........

Total dissolved solids.....................
Gases:

Hydrogen sulphide (H,S)

Carbon dioxide (COs)

100.0 | 107.0 100.0 | 172.5 100.0 | 575.6
3,118 5,032 16,672
11 12 7
3,127 5,044 16,679
63 Present 15
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TaBLE 3.—Chemical character and geochemical
waters in Kentucky—

ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

énoperties of zinc-bearing and related
ontinued.

No. in synoptical table.......................... 49 53 65
S0urce Of Water. . ueeuueeeenueneneneaaenaenns Felix well....... School well ..... Wilson well.
PROPERTIES.
Primary salinity ... ...l 70.2 7n.6 24.8
Secondary salinity........ ‘18.4 22,0 fee e,
Tertiary salinity.......ooooiiiio e e e
Primary alkalinity........ ..o oo e iieee e 20.2
Secondary alkalinity...... e .. 11.4 6.4 55.0
Tertiary alkalinity. . ... ... i e i
100.0 100.0 100.0
Chloride salinity............ 87.0 76.2 15.0
Sulphate salinity . 1.6 17.4 9.8
Per | Partsper| Per |Partsper| Per |Partsper
) REACTING VALUES. cent. | million. | cent. | million. | cent. | million.
Sodium (Na). 18.31 - 2,654

Potassium (K
Lithium (Li)..
Ammonium (N
Alkalies.............
%aalciun; (CaM.5 ..........
gnesium (Mg)..
Barium (Ba
Strontium (Sr).....coiiii i,

Iron (Fe)
Aluminum (Al)...
Manganese {Mn). .
Hydrogen (H)....
Nickel (N ig P
Cobalt (Co,
Copper (Cu)....
Cadmium (Cd).
Lead (Pb).....
Zine (Zn)....

Sulphate (S0y).
Chloride (C1).
Bromide (Br)
Todide (I)...-
Fluoride (F).
Nitrate (NOg)...........
Thiosulphate (S:03)

Strong acids....cvvuniiiiiiiiiiiiiiaaan...

Carbonate (COs)uuu .t iiiiiiieiaaeaaaaa..
Sulphide (S)...... s .
Hydroxyl (OH)...
Arsenate (AsOy).. ..
Phosphate (PO4)....ooiieiiiiianiiaiieaaaan..

Total value of reacting solids..............

BASE ANALYSIS.

(Summary by weight, in parts per million.)
Total weight of reacting solids..................
Colloids (5102, Al203, Fe:03, BOg, ete.) .........

Total dissolved solids.....coeeemeieeea .
Gaseﬁ:d 1phide (HsS)
ydrogen sulphide (HeS).......oueennen....
Carbong dioxi<¥e (CO2)

1,552
33

1,585

Present.
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operties of zinc-bearing and related
ntinued.

TrON (FO) . eeeaeereeeeceacaenaecnensocnananns
Aluminum g\l). .

Manganese
Hydrogen (
Nickel (Ni)....
Cobalt (Co)....
Copper (Cu). ..

Sulphate (SO4)ee..eee e iiiiii i
Chloride (Cl)...
Bromide (Br)..
Todide (I)......
Fluoride (F).............
Nitrate (NOa)............
Thiosulphate(S:03)

Carbonate (COs)..nunennrieeaeeieniaanaanns e

Arsenate (AsO4) .........
Phosphate (POy)...........

(Summary by weight, in parts per million.)

Total weight of reacting solids..................
Colloids (SiOs, Al305, FesOs, BOg, ete.).........

as6s:
Hydrogen sulphide (HzS)
Carbon dioxide (COg3).....

) PR

No. in synoptical tablé..........oocooiiiiiiats 75 83
Sourceof water....... ...t Louisville spring.| Sayre well Royal Magnesian
Spring.
. PROPERTIES,
Primary salinity..... ... ... 3.8 3.6
Secondary salinity........... L8  feeiiiiiiiiiiiinas
Tertiary salinity. . ... oo e
Primary alkalinity......ccvoivinmniiiiinnaneieminnaain e 3.8
Secondary alkalinity 94. 4 92.6
Tertiary alkalinity.........covveiiiiiiiiiai i iieiaeiiiiana]aeniueceannnsnea)ieraiiieeieananns
i 1 100.0 100.0
Chloride salinity.............coooiiiiiiina., 3.8 1.2
Sulphate salinity.............cocoiiiiil 1.8 6.2
Per Per | Parts per| Per |Partsper
Sod REACTING VALUES. i cent. cent. | million. | cent. milliogé
odium (Na)..oemeeeieiiiereiiiiiciiiianes . 0.6 | 0.059
Potassium (K).ooeeerons L9) 01014 K po | 104
Lithium (Li).....ocoieiiiiiiiinrinsenaceenennci]eeeaoo.] Trace. |........ Trace. [........ Trace.
Ammonium (NHy)..ooeeoiioionmiarraineniei]oecaroi]oavenaannc]eramnioneniieoeeaideaiat,
AlKalieS. coetiieiiiai i 1.8 L9 |........ L8 |eeinnnnns

Sum of bases....... OSSR

Strong acids

hide (S).......o.....
roxyl (OH)..........

Weak acids............

Sum of acids

Total value of reacting solids.............. 100.0

BASE ANALYSIS,

Total dissolved solids....ioeeveeeaana...

o The reacting value of the zincisincluded with that of the earths.
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TaBLe 4.—Chemical character and géochemical properties of zinc-bearing and related
waters in Missours. :

°

No. in synoptical table...............co.ooia 27 32 38

Souree of Water.....ooeveeeieieraniiaiaaaaaaa.. Nevada well..... Clinton well | Silver well (to
No. 2. 1,100 feet).

PROPERTIES. .
Primary salinity cae 66.6 58.6 75.0
Secondary salinity . A 6 3
Tertiary salinity. . e
Primary alkalinity.. 217. 3
Secondary alkaliniby..... ...ooooiiiiiieiiiiiis]i e e e
Tertiary alkalinity . .......coooivee i iiieiiiiiiiiine e Ll

00.0 3
Chloride salindty. ...o.oeoomemniiiiiiiiiiiiaaae, 66.8 55.8 75.0
Sulphate salinity.... ..ot 5.4 .

Per | Partsper| Per |Partsper| Per |Parts per

REACTING VALUES. cent. millioz';z. cent. millioeb. cent. millioet.
Sodinm (Na)...eueemiee it iiiaeas
Potassium (K)....
Lithium (Li)......
Ammonium (NH,)

Caleium (Ca)............
Magnesium (Mg)..
Barium (Ba). ...
Strontium (Sr)

Tron (Fe). ..o ee e e eeeeaaes
Aluminum (Al)... .-
Manganese (Mn)
Hydrogen (H)..
Nickel ENig .....
Cobalt (Co
Copper (Cu).....
Cadmium (Cd). .
Lead (Pb)......
ZINC (ZMN) . u et

Sulphate (SO eeeeeeeeii s
Chloride (Cl)....
Bromide (Br)...
Todide (I).......
oFluoride (¥)....
Nitrate (NOg)........ A .
Thiosulphate (S203) .« -« «eeennmcmceremaeenamnnce|iomeeeea]oooieeeeifimnaeoiforeeeeeeen]oieeiafeeeeaaaas

Strong acids.........oooiiiiiiiiiiiiiiin

Carbonate (COs) -« veererniiia i iaiaaaaan
Sulphide (S)....
Hydroxyl (OH).
Arsenate (AsOq).. .
Phosphate (POg).....ooooooiiiiiiiiiiis

Weak acids. - o cveeeeemiiiii it
Sumofacids. ......ooooiiiiiiiii il

Total value of reacting solids.............. 100.0 40.02 100.0 33.94 100.0 83.48

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weight of reacting solids........
Colloids (8i0,, Al303, Feq03, BOs, etc.).

Total dissolved solids............

ases:
Hydrogen sulphide (HsS)
Carbon dioxide (COg)..aeeeaunn-.-.
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TaBLE 4.—Chemical character and geochemical properties of zinc-bearing and related
waters in Missouri—Continued.

No, in synoptical table............. e

40

42

51

Source of water

Clinton well
No. 3 (Britts).

Clinton well
No. 1.

Brunswick well.

PROPERTIES.

Primary salinity. ...l
Secondary salinity.. .ee
Tertiary salinity..
Primary alkalimty
Secondary alkalmlty. .
‘Tertiary alkalinity.....cooeeeeemaeaaiiiiiiiii,

Chloride salinity. ..
Sulphate salinity..

REACTING VALUES.

Sodium (Na
Potassium (K)......
Lithium ( L]) ........
Ammonium (NH;)

Alkalie§...oeenmenoiiiieiiinanenans

Calcium (Caz ....................................
Magnesium (Mg)....

Barium (Ba .
Strontium (SI).ceeeieeieeniiiiiiiaiiiaaann..

Iron (Fe,
Aluminum (Al)..
Manganese %ﬁn)
Hydrogen (
NlckelEng
Cobalt (Co
Copper (Cu)...
Cadmium (Cd)
Lead (Pb)

Zinc (Zn)

Sulphate (SO.) ........................... PO
Chloride (Cl)..

Bromide (Br)
Todide (I).........
Fluoride (F). .
Nitrate (NOj).....

Thiosulphate (850s)

Strong acids

Carbonate (CO3)
gr hide (S)..
oxyl (OH)
Arsenate (AsOq)...
Phosphate (POy)..

Weak acids. .

Sum of acids

Total value of reacting solids

BASE ANALYSIS,
(Summary by weight, in parts per million.)

Total weight of reacting solids...................
Colloids (SiOg, Al203, FegO3, BOg, etc.) .........

Total dissolved solids.....................

Hydrogen sulphide (H:S)
Carbon dioxide (COg)

Parts per
million.
204.5

100.0 | 47.42 100.0 | 57.32 100.0 537.0
1,538 1,804 15,875
14 11 5
1,552 1,815 15,880
.................. 4 Present.
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TaBLE 4.—Chemical character and geochemacal properties of zinc-bearing and related
waters in Missouri—Continued.

No. in synoptical table..........................

55

56

64

Source of water

Temperature

Silver well (be-
low 1,100 feet).

Belcher well.....

22° C=73.4F.

Cornfield well.

PROPERTIES.

Primary salinity
Secondary salinity
Tertiary salinity...............
Primary alkalinity.............
Secondary alkalinity
‘Tertiary alkalinity

Chloride salinity
Sulphate salinity...........o.cooiiiiiiiiiaiaas

REACTING VALUES,

Sodium (Na)...coeeiii it
Potassium (K). ..
Lithium (Li).....
Ammonium (NHy)

Alkalies. .....oiiiioiiiiiiiiiiii

Barium (Ba)..
Strontium (Sr) .. ..o

J140) 1 ) DN
Aluminum (Al).
Manganese (Mn)..
Hydrogen (H)...
Nickel (Nig
Cobalt (Co
Copper (Cu)...
Cadmium (Cd)
Lead (Pb)..
Zinc (Zn)

Sulphate (SO0s). ..o
Chloride (C). - -
Bromide (Br).
Todide (I).....
Fluoride (F)..
Nitrate (NO;
Thiosulphate (S20s)

Strong acids...............oollilll
Carbonate (CO3)
Sulphide (S)....
Hydroxyl (OH)..
Arsenate (AsOy)...

Phosphate (PO4)eeeeeeeeeeoaineeiiinaiiaanoa.

‘Weak acids.......... e

Sum of acids

Total value of reacting solids

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weight of reacting solids...................

Colloids (SiOz, A1:03, Fes03, BO, etc.)

6S:
Hydrogen sulphide (HS
Carbors dioxt e(cog) )

Total dissolved solids
Gases:

million.

million.

million.
1.048

8,796
14
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dmopertws of zinc-bearing and related
ontinued.

No. in synoptical table

68

76

82

Source of water

Missouri Lead &
Zinc Co.’s well
(at 1,387 feet).

Oronogo well.

Missouri Lead &
Zinc Co.’s well
(at 940 qut).

PROPERTIES.

Primary salinity
Secondary salinity
Tertiary salinity
Primary alkalinity
Secondary alkalinity
Tertiary alkalinity

Chloride salinity
Sulphate salinity......ccceeeaiiiaa it

REACTING VALUES.

Sodium (Na
Potassium (
Lithium (Ll) .............
Ammonium (NHy)

ALKalios. .. oeoiiieiiiiiii i

Calcium (Ca() ....................................
Magnesium (Mg)

Barium (Ba
Strontium (Sr)e.ee.eeiii i

Parts per
million.
1.007

Parts per
million,
0.3601

Iron (Fe)
Aluminum (Al)
Manganese Mn)
Hydrogen (
Nickel (Ni
Cobalt Co
gper (Cu).cennne.
mlum (Cd) .....

ch ( n)

Metals

Sum of bases

Sulphate (804)...eeveereierinii i
Chloride (Cl)....... ..
Bromide (Br)
Todide ( I)
Fluoride (F

Nitrate ( Oa) ......

Thiosulphate (SgOa)

Wea.k acids. .

Sum of acids

Total value of reacting solids

BASE ANALYSIS. .
(Summary by weight, in parts per million.)

Total weight of reacting solids................... 324 268 380
Colloids (8iOg, AhOs, Fey03, BOg, ete.) ......... 12 13 16
Total dissolved solids....cocoeeeeannnnn... 336 281 396
H drogen sulphide (HgS)................... Present.  f..eeiieiiieiiiiii]eeiiiiiiiiiaas
Cay.,rbong%nwx1& [(S10)) N PSPPI APPSR PRSPPI
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TaBLE 4.—Chemical character and geochemical properties o
waters in Missouri—Continued.

ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.:

zinc-bearing and related

84

86

87

Freeman Foun-

Fulton Hospital
well.

Cox Spring,

PROPERTIES.

Primary salinity...........o....ooooal
Secondary salinity......
Tertiary salinity........
Primary alkalinity......
Secondary alkalinity....
Tertiary alkalinity .. ...l

Chloride salinity . ......oooiiiiiiiiiiiiiiaiiin,
‘Sulphate salinity.. ... ..ol

REACTING VALUES.
Sodium (Na)..........loooiiiie i
Potassium (K)............
Lithium (Li).....ccccc....
Ammonium (NHs)

Alkalies.....oooooiiiiiiiiiii i

Calefam (Ca).. ...l
Magnesium (Mg)
Barlum (Ba)................

Strontinm (Sr)....ooouiiiiiiiiiii i

B 40 0 )
Aluminum (Al).............

Manganese (Mn).............

Hydrogen (H)..............

Nickel (ng .................

Cobalt (Co)...

Copper (Cu)...
Cadmium (Cd)..
Lead (Pb)....
Zinc (Zn)

Sulphate (804).. oo
Chloride (Cl).......
Bromide (Br).
Todide(I).....
Fluoride (F)..
Nitrato (NOs)..-.oueeennnnnnn.
Thiosulphate (S;03)

Strong acids. ... .o i

‘Carbonate (COs)
Su.lg}lide [€) PO
Hydroxyl (OH)...............
Arsenate (AsO4)...cceenn.....
Phosphate (POy)

Weak acids

Total value of reacting solids

BASE ANALYSIS. )
(Summary by weight, in parts per million.)
Total weight of reacting solids...................
Colloids (SiOz, Al03, Fe:03, BOg, ete.) .........
Total dissolved solids. ....................

es:
Hydrogen sulphide (H,S)
Carbon dioxide (CO3)

Parts per
million.

Parts per
million.

40.9 [.......... 35.6 | .eennnnnn 47.2 |l
50.0 5.072 50.0 9.534 50.0 2. 462
100.0 | 10.144 100.0 19.068 | 100.0 4.924
397 745 211
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Cproperties of zinc-bearing and related
ontinued.

No. in synoptical table.......................

88

89 91

Source of Water........veveeiiraiaiiiieiaa.

Harrington well. .

Providence well. .| Alba well.

PROPERTIES,

Primary salinity.....
Secondary salinity .
Tertiary salinity. ..
Primary alkalinity.
Secondary alkalinity.
Tertiary alkalinity

Chloride salinity.......cooeveeveeniienianana.
Sulphate salinity......ooooveieeeeiniiii.,

REACTING VALUES.
Sodium (N&m}i ................................
Potassium (K)
Lithium (Li)...........
Ammonium (NHe).oooooeiiiiiiiiiaio

AlRalies. ..o

b 800 N - D

Aluminum (Al)..
Manganese (Mn). .
Hydrogen (H)...
Nickel (Nig. .
Cobalt (Co
Copper (Cu)..
Cadmium (Cd
Lead (Pb)...
Zine (Zn)..

Sum of bases. .......ccooveeiiiiiiaail,

Sulphate (SO4)..coveeeniiiiiiiiiiiiia
Chloride (Cl). ..
Bromide (Br)..
Todide (I)......
Fluoride (F)...
Nitrate (NOg),.-...vneennnn- -

Thiosulphate (S:03)...... T

Phosphate (POy)
‘Weak acids
Sum of acids

Total value of reacting solids. .

BASE ANALYSIS,
(Summary by weight, in parts per million.)
Total weight of reacting solids................
Colloids (8iOg, AlyO3, Fes0s, BOg, etc.)......

Total dissolved solids
Gases:
Hydrogen sul&)hide (Hq2S8)
Carbon dioxide (CO3)

Per | Partsper | Per | Partsper | Per | Partsper
cent. | million. | cent. | million. | cent. | million.
3 0.3549 3.6 | 0.2652 2.9 0.2774

4.4 ] 4.5 4.2 oo
50.0| 3.473 | 50.0(3.676 50.0 | 4.786
100.0 6.946 | 100.0| 7.352 100.0 | 9.572

266 282 282

11 18 14

277 300 206
RS T R FOOOoRoNt IR 5 T

a The reacting value of the zinc is included with that of the earths.

84551°—Bull. 606—15——9
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TaBLe 4.—Chemical character and geochemical
waters in Missouri—Continued.

ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION,

roperties of zinc-bearing and related

No. in synoptical table..........cccoeeienieennens

92

95

96

Source of water........ocoiiiiiiiiiiiiiiiiaan
Temperature. ....coeueeeeeeeeeracusenanannens

Ash Grove well..

‘Webb City well.

PROPERTIES.
Primary salinity..
Secondary salinit,
Tertiary salinity.
Primary alkalinit
Secondary atkalinit;
Tertiary alkalinity..

Chloride salinity........c.oooiiiiiiiiiiiiiaan..
Sulpbate salinity.... ...l

REACTING VALUES.

Sodium (Na)...oooeeieieieiiiiiiailoiiaaaaan..
Potassium (K)
Lithium (Li)........

Ammonium (NHe)eeoernrneiiiieieninnneenannn.

Alkalies.._.............o.... e

Caleium (Ca)...cenieeiee i ieeiaenan
Magnesium (Mg)
Barium (Ba)....
Strontium (Sr).... .ot

B0 @ X) DR P
Aluminum (Al)...
Manganese (Mn). ..
Hydrogen (H)..
‘Nickel (Ni)

Parts per

million,

Per | Parts per
cent. | million.
1.7 0.1249

million.

Sum of bases

Sulphate (SOy)
Chloride (C)......
Bromide (Br)
Todide (I)...........
Fluoride (F)........
Nitrate (NO3)
Thiosulphate (S503)

Strongacids..........ooiiiiiiiiiiiiiie.

Carbonate (CO3)
Sulgnide (S)......
Hydroxyl (OH)

Arsenate (AsOy)
Phosphate (POy)

‘Weak acids

Sum of acids

Total value of reacting solids

BASE ANALYSIS,

(Summary by weight, in parts per million.)
Total weight of reacting solids............ e
Colloids (Si02, Alez, Fezoa, BOz, etc.) ..........

Total dissolved solids
Gases:

Hydrogen sulphide (H2S)

Carbon dioxide (CO3)
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TasLe 4.—Chemical character and gedc_hemical properties of zinc-bearing and related
' waters in Missouri—Continued.

No. in synoptical table............c....oooiitt 98 99 100
Source of water.......coviieeeiiiiiiiiiniianenn. FreemanFoundry| Average of 10| Winslow mine,
well, mine waters in
southeastern
Missouri.
PROPERTIES,
Primary salinity. ...l 4.8
Secondary salinity 12.2

Tertiary salinity. .
Primary alkalinity
Secondary alkalinity
Tertiary alkalinity..

Chloride salinity
Sulphate salinity

REACTING VALUES,
Sodium (N8)...oooomuiiii i,
Potassium (K)
Lithium (Li)
Ammonium (NHy)

Alkalies.

%ﬂciun} (CaZM ;
agnesium (Mg
Barium (Ba,
Strontium (Sr)

TrOD (Fe)een e eeeeee i ciae e et
Aluminum (Al).....
Manganese (Mn). .
Hydrogen (H)....
Nickel (Ni)
Cobalt (Co).......
Copper (Cu)
Cadmium (Cd)..
Lead (Pb)....

Zinc (Zn)...

Sulphate (SOy)....
Chloride (Cl)....
Bromide (Br).
Todide (I)
Fluoride (F). ...
Nitrate (NO3)
Thiosulphate (S203) . .cevvveveiiemannaiiaas

Strong acids.
Carbonate (CO3)
Suiphide (S)
Hydroxyl (OH)...
Arsenate (AsOy)...
Phosphate (POy)

Weak acids

Sum of acids

Total value of reacting solids

BASE ANALYSIS. .
(Summary by weight, in parts per million.)
Total weight of reacting solids.........c.ccveness
Colloids (8iOg, Al303, Fee03, BOg, etc.)..........

Total dissolved solids
Gases:
Hydrogen sul&ahide (H:S)
Carbon dioxide (COg)

Parts per
million.
0.1523

million.

million.

50.0 | 3.158 50.0 | 6.898 50.0 | 4.322
100.0 | 6.316 [ 100.0 | 13.796 100.0 | 8.644
244 501 335

45 14 15
289 515 350
e g
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ZINC AND 'LEAD DEPOSITS OF THE JOPLIN REGION,

TaBLE 4.—Chemical character and geochemical properties of zinc-bearing and related
waters in Missouri—Continued.

No. in synoptical table.......................... 101 108 110
Sourceof water............oo.oiiiiiiiiiiiae, B. & C. mine....| Sphalerite well ..| Lakeside Spring.
[}
PROPERTIES.
Primary salinity...cooooeeiiiiiiii i
Secondary salinity

Tertiary salinity. ...
"Primary alkalinity..
Secondary alkalinity cee
Tertiary alkalinity................coooooiiaae.

Chloride salinity.........cooioiiiiiiiiaiiiiaaa,
Sulphate salinity......c..cooiiiiiiiiiiiiiianae.

REACTING VALUES.
Sodium (Na,
Potassium (
Lithium (L3)..
Ammonjum (NHy)..

Alkalies. ...ennneeeeii e

Caicium (Ca).....veceeeiiriniiicieaaaeaaaanan
Magnesium (Mg)..
Barium (Ba)...... ceen
Strontium (Sr)....ooiiiii e

B 605 o T
Aluminum (Al)...
Manganese (Mn) ..
Hydrogen (H)....
Nickel ENi; .......
Cobalt (Co).......
Cogper (Cu).....
Cadmium (Cd)
Lead (PDb)..
Zince (Zn)...

Sulphate (SO4)..cieereiie i
Chloride (Cl)......
Bromide (Br).....
Jodide (I)...... P
Fluoride ISF) ......
Nitrate (NO3).......
Thiosulphate (S:05)

Strong acids........ovoiiiiiiiiiiiiin

Carbonate (CO3)
Su]g}_]ide (S)
Hydroxyl (OH)...
Arsenate (AsOy)...

Phosphate (PO1)..--nwnrenvnmmnsnsnnrnasenan o

Total value of reacting solids

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weight of reacting solids........c..,eceennnn .

Colloids (SiOq, AIan, F0203, BOy, etc.)..

Gases:
Hydrogen sulphide (H:S)....
Carbon dioxide (CO2)

Per | Parts per
cefét. million.

9] 1218

Per | Parts per
cent. | million.
2. 0. 2684

100.0 | 17.648 100.0 12.314
567 536 438
15 32 10
582 568 448
0
2
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TaBLE 4.—Chemical character and geochemical propertws of zinc-bearing and related
waters in Missouri—Continued.

No. in synoptical table. ... ...ccoieerieneiirailoiieieeannn 115 116
Source of water..........o..ocoiiiiiiiant. eeaeerenaaenaa, Mlssoun Zinc Fields.| Shoal Creek Spring.
TemPerature. - oo oot iaiia i S

Primary salinity . .ot
Secondary salinity .
Tertiary salinity. .

Primary alkalmlty
Secondary alkalinity . .
Tertiary alkaliniby . .. ..o e

Chloride salinity .« ... oot i
Sulphate Salinity. . ..co.eeie it ciiiiiii i

Sodium (Na)
Potassium (K)...oooveiiuinnannnnnae.
Lithium (Li)..c.coviiiaiaiininnnian..
Ammonium (NHy).....ooooooooiiiiia..

ALKAIIOS. . o cie e eeca i iaiar e

gflcmm (Ca()ﬂ.s.
agnesium (Mg
Bargillllm (Ba)...
Strontium (; r)

Earths.....coovviiiiniannnnnns
Manganese (Mn
g Si) )
Cobalt
Lead (PDb).

Iron (Fe).....
Aluminum (A
Hydrogen (
Nickel gNig
per (Cu)
gmlum (C
YATILE ¢/ 1) J U S

Sum 0f DaSeS. . .eovuiiiee it

Sulphate (SO4)
Chloride (Cl).
Bromide (Br)
Todide (I)..
Fluoride ‘SF
Nitrate (2
Thiosulphate (

Strong acids.....oieiiiiii e
Carbonate (COs)..
lnde (sg) ......
roxyl X H).
Arsenﬂte (
Phosphate (PO,) '
Weak acids. .o ooeninni it
Sum of 8CIAS . v. et e
Total value of reacting solidS............cccoeeieao...

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weiéht of reacting solids.......cooeviiiiiiiiiiiiii
Colloids (SiOz, AlzO;, Fez03, BOg, 6tC.)eenrmenenenennnnn...

Total dissolved S0lidS. ..evuenenenunnnnnnniiiiiiaaans
Gases

Hydro en sulphide (HoS)..eeueenierieenieeiienaennnn
Carbongdmm e (CO3) 2 ) .............................

Per Parts per
cent. million.

) 1 P
4.4 29.73
3.8 4. 661

Per Parts per
cent. million.
0. 1566
. 0640
) X PO
20.5 3.049

a1l [ X
50.0 | 60.86 50.0 7.433
100.0 | 121.72 100.0 | 14.866
4,417 570
36 14
4,453 584
OPIRREIRERRRIS R P
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ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

TaBLE 5.—Chemical character and geochemical properties of zinc-bearing and related

waters in Arkansas.

No. in synoptical table...........

35

72

Source of water...................

Temperature. ........... "

White Sulphur
Spring.

Black Sulphur
Spring.
61.7° F.

Primary salinity.........

Secondary salinity.....
Tertiary salinity.....
Primary alkalinity. ..
Secondary alkalinity...

Tertiary alkalinjty.......

Chloride salinity.........
Sulphate salinity.........

Sodium (Na,
Potassium (K).......

Lithium (Li)...........
Ammonium (NHy)

. "Alkalies........... .
Calcium (Ca).............

Magnesium (Mg)
Barium (Ba

Strontium (Sr)...........

Iron (Fe).........

Manganese %M_n
Hydrogen (H)
Nickel (N1i). .
%balt ((%o)).
per (Cu)..
Cagmium (Ca
Lead (Pb)...
Zine (Zn)..

Sum of bases.......
Sulphate (SO4)...........

Chloride (CD).......
Bromide (Br)......
Todide (I)........
Fluoride &F) .....
Nitrate (NOs)......
Thiosulphate (S:03)..

Strong acids....

Total value of reacting solids.............o.oooe..

BASE ANALYSIS.
(Summary by weight, in parts per million.)

Total weight of reacting solids.......o.oeeiiiiiiiiiaiiii,

Colloids (

102, Al,03, Fe;03, BOg, ete.)..... P,

Total dissolved SOLidS. .. .oovemiiiiiiiiiii ...

Gases:

Hydrogen sulphide (HsS).....cocivevmaraininniiaiannn,

Carbon dioxide (COg)

million.

Parts per
million.
3.053

50.0

50.0

100.0

100.0

474
9

483

Present.
6
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TaBLE 6.—Chemical character and geochemical properties of zinc-bearing and related
waters in Kansas.

No. in synoptical table....... 5 13 33 78
Source of water-.......o.-... Columbus well....| Cherokee well....| Fort Scott well .. Pittsilraurg reser-
. voir,
Temperature.........ceeeuee 24° C.=75.2°F... 22° C.=71.5°F...| 19.7° C.=67.5° F .
PROPERTIES.
Primary salinity............. 16.0 51.0 79.0 37.4
Secondary salinity..oeeeee ofeeeriiiiiiinnanans .6 .8 10.0
Tertiary salinity.............feeeeeniiennaaaen.. [ F R PN
Primary alkalinity... 1 N
Secondary alkalinity......... 43.8 48.4 12.2 52.6
Tertiary alkalinity...........|oceeeeeeaeenianen]oommnnennenriin]eeeneeiiaiaiaee]acneieiiiiinanans
100.0 100.0 100.0 100.0
Chloride salinity............. 1.0 34.6 87.2 27.0
Sulphate salinity............. 3.4 17.0 .6 20. 4
Per | Parts per| Per |Partsper| Per |[Partsper| Per |Parts per
REACTING VALUES. cent, | million, | cent. | milliom, | cent. | miltion. | cont. | million.
Sodium (Na)................. 27.5 | 5.003 24.6 | 5.699 39.5 23.92 17.3 3.219
Potassium (K)............... .5 . 08704 .9 [) ¥/ T P Trace 1.4 . 2675
Lithium (Li)................ .1 . 01441

Ammonium (NE). ..
Alkalies......cooununnn.

Calcium (€8).....cceeennnnnnn
Magnesium (Mg)
Barium (Ba).....

Strontium (8r)...............

Iron (Fe).uueeounnnnnnnnnnnnn
Aluminum (Al)..
Manganese ﬁMn). .-
Hydrogen (H). . ...
Nickel (Ni
Cobalt (Co!
Cogpe; (Cu)..

ad (Pb). .

Sulphate (804).c.e.vennn.....
Chloride (Cl)...
Bromide (Br)..
Todide (I)......
Fluoride (F)...
Nitrate (NOs)..o.oeenannennn
Thiosulphate (8;05). .........

Strong acids. . .........

Carbonate éco,,)
Sulghide( ) L
Hydroxyl (OH)

Arsenate (AsOy)
Phosphate (POy).............

‘Weak acids......... .

BASE ANALYSIS.
(Summary by weight, in parts
per million.)
g"fial- gvei SiE) ofrﬁalt:(t)in solids.
olloids e20.

BOs, 040.) s eroeeroe

Total dissolved solids. .......
Gases:

Hydrogen sulphide (HS).
Carbon%oxi 5} (C((),)..?.

42.0 |ooneaeaa] 25,7 0ol 61|l 26.31..........
50.0 | 9.082 - 50.0 | 11.59 50.0 | 30.30 50.0 9. 301
100.0 | 18.164 100.0 | 23.18 100.0 | 60.60 100.0 18. 602
708 834 1,832 661
8 13 24 12
716 847 1,856 673
1 Abundant,. Trace. Present.
.................................... Trace. - 26
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ZINC AND LEAD DEPOSITS OF THE JOPLIN REGION.

TABLE 6. -—Chemwal character and _geochemical Cpropertws of zinc-bearing and related

waters in Kansas—

ontinued

90

102

103

109

Pittsburg well...

Chico Spring.....
14.8°C.=58.6°F.

Pittsburg well
No. 3

Cave Spring.
15° C.=59°F.

PROPERTIES.

Primary salinity
Secondary salinity
Tertiary salinity
Primary alkalinity...........
Secondary alkalinity
Tertiary alkalinity

Chloride salinity.............
Sulphate salinity.............

REACTING VALUES.

Sodium (Na,
Potassium (
Lithium (Li)
Ammonium (NHy)

Alkalies. ...............

g(alcmm (Ca()M..) .............
agnesium

Barium (Ba §
Strontium (Sr)...............

Iron (Fe
Aluminum (Al) ..............
Manganese (Mn)
Hydrogen (H)
Nickel EN i)
Coba]t Co). .
gper (Cu)
mmm (Cd)

Sulphate (S04) ...............
Chloride (Cl)..
Bromide (Br)
Todide (I)..

Fluoride (F) ..
Nitrate (NOs)
Thiosulphate (8:03)

Strong acids. . .........
Carbonato (CO3)
ghldc (8)......
roxyl (OH)
Arsenate (AsOq). .
Phosphate (PO,)
Weak acids............

Sum of acids

Total value of reacting
solids

BASE ANALYSIS.
(Summary by weight, in parts
per million.)

Total weight of reacting solids
Colloids (gSiOz, Al03, Fe0s,
BOg,etC.)ececneenninnnnnnn.

Total dissolved solids. .

ases:
Hydrogen su hlde(HzS).
Cas;bong%lwmtﬁ (COy)..

Parts per
million.

Parts per
million.

Parts per
million.
2.595
. 06426

million.
0.1088

100.0 15.170 | 100.0 | 5.984 100.0 | 16.998 100.0 2. 456
545 219 587 88
3 24 15 22
548 243 602 110
Present.  |...eieiiiiiiiiiil. N P,
.................................... 18.8
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TABLE 7.—Chemical character and geochemical properties of zinc-bearing and related
waters in Oklahoma. .

No. in synoptical table...........cooooiiiiiiall.

18

20

Source of water.........icooiiiiiiiiiieiiiiaaias

Church mine....

Nowata, well.

PROPERTIES,

Primary salinity . ...coveveeniinneinennninn..
Secondary salinity
Tertiary salinity

. Primary alkalinity........
Secondary alkalinity....

Tertiary alkalinity

Chloride Salinity......ccceeaeiiannnnannnnannnnns
Sulphate salinity......ccoeemeiiiiiilll

REACTING VALUES,

Sodium (Na)....veeeeeeiimmmeaieniianaaaenen.
Potassium (X)........ .
Lithium (Li).........-

Ammonium (NHy)

ALKAlIES. e o e e

(O 15100 (07 N
Magnesium (Mg).... .
Barium (Ba)........ R
Strontitm (Sr)eeueeeereeameaiioaie i

Parts per
million.

Tron (Fe).cicmeaeeeuisecneeaaeennrnnennannannn.
Aluminum (Al)
Manganese (Mn)....
Hydrogen (H)
Nickel %Ni
Cobalt (Co
Cogper (Cu).......
Cadmium (Cd)....
Lead (Pb)

Zine (Zn)

Parts per
million.

Sulphate (SO).eemerrmmieimiiiiiiiiiiciaaaa..
Chloride (Cl)
Bromide (Br)
Todide (I).........
Fluoride ISIF) ......
Nitrate (NOg).......
Thiosulphate (Sz03)

Strong acids.......ecvieiiniiiiiiiiiil

Carbonate (CO3)
Sulghide (S)....
Hydroxyl OH;...
Arsenate (AsOy) ..
Phosphate (PO4).ceeemmunenniiiiiiiiiiieaaas

Weak acids. .oovvenenmniieneiiiiiinnaa,
Sum of acids
Total value of reacting solids.............. 100.0 | 34.18 100.0 | 12.53 100.0 | 1,911.4
: BASE ANALYSIS.
(Summary by weight, in parts per million.)
Total weight of reacting solids................... 1,145 431 65,235
Colloids (SiOg, Al:O3, FezO3, BOg, ete.) ......... 1 12 106
Total dissolved solids......ceveeeii s 1,156 443 65,341
Gas%s{: dr ulphide (HsS)
ydrogen s 0 (HoS)uoemaniiianaennnn. 1 8 24
Carbon dioxide (COg)eeeeeeeeennuamaeaiani)oaioivnnnnnnnnnnn. TIace.  feveeeecccaccecnan.
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TABLE 7.—Chemical character aad geochemicnl properties of zinc-bearing and related
waters in Oklahoma—Continued.

No. in synoptical table

23

25

30

Source of water.

Afton well

Whitaker Park
well.,

Chapman & Len-
nan mine,

PROPERTIES.

Primary salinity. ..
Secondary salinity
Tertiary salinity.
Primary alkalinity
Secondary alkalinity..
Tertiary alkalinity

Chloride salinity
Sulphate salinity.

Y

REACTING VALUES.

Sodium (Na)
Potassium (K)
Lithium (L)
Ammonium (NH,)

00.
65.
2.
P

arts per
million.

Parts per
million.

Parts per
million.
3.841

Trace.

Calcium (Ca).....
Magnesinm (Mg)
Barium (Ba)...
Strontium (Sr).

Tron (F@) e caaarerieeiraineicnciesnanns
Aluminum (Al)....
Manganese (Mn) ...
Hydrogen (H)
Nickel ENig
Cobalt (Co
Cogper (Cu)
Cadmium (Cd)...
Lead (Pb)

Zing (Zn)

Sum of bases

Sulphate (SOy)
Chloride (Cl).....
Bromide (Br)....
Todide (I)........
Fluoride (F).....
Nitrate (NOs)......
Thiosulphate (S:0s)

Strong acids..

Carbonate (COg)
Sulphide (S&. ..
Hydroxyl (OH)
Arsenate (AsOy) .
Phosphate (POy)

Weak acids

Sum of acids

Total value of reacting solids

BASE ANALYSIS,

(Summary by weight, in parts per million.)
Total weight of reacting solids.........cceeeee.e.
Colloids (SiOg, Al;O3, ¥ez03, BOg, etc.)..........

Total dissolved solids

ases:
Hydrogen sulc{)hide (H.S)
Carbon dioxide (CO3)

160 .ueeenn... 5.8 cceennn... JUEY -
50.0 | 9.512 | 50.012.1 50.0 | 6.580
100.0 | 19.02 | 100.0 | 252.2 100.0 | 13.16

620 7,683 433

14 13 10

634 7,696 443

10 50 2

4 93 22
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TaABLE 7.—Chemical character and geochemical prog)erties of zinc-bearing waters in

Dklahoma—Continue
No. in synoptical table....................... 34 45 46
Source of water..eo.eveuiieaaean. .. s Miami ice plant...| Brown well....... Radium well.
PROPERTIES,
Primary salinity......cooovvvnaiiiiiiii s
Secondary salinity. .
Tertiary salinity...

Primary alkalinity .
Secondary alkalinity .
Tertiary alkalinity......ccovevnieeiieninenann

. Chloride salimity....cocvveeeiiieneenneneannnn
Sulphate salinity...........cooooiiininii.

REACTING VALUES.

Sodium (Na).e..oeveeveeiiiiiiaaaanaes
Potassium (K).
Lithium (Li)...

Ammonium (NI'I}.) ........................... .

Alkalies. . ...oovnieiinaiiiieaie e

Calcium (Ca)....ocoooveiiiiiiii i
Magnesium (Mg)...
Barium (Ba
Strontiom (Sr)e...oeeiiiiiiiiii s

Earths...oooiiiiiiiii i,

Tron (Fe)uees e uimnmeenaaeaeiiiiaiiaaeaaaan

Aluminum (Al)..
Manganese (Mn).
Hydrogen (H)...
Nickel (Ni; e
Cobalt (Co
Cogper (Cu)....
Cadmium (Cd)...
Lead (Pb).......

AT L/ 1) S

Sum of bases....ccoveiiiiiiiiiiia..

Sulphate (SO4).e.eeraieiiiiiiiiiiii
Chloride (CI)..... .
Bromide (Br)....
Todide (I)......
Fluoride IsIF) e
Nitrate (NOs)....
Thiosulphate (S30s)..

Strongacids..cooeieniiiiiiiiiiii ot

Carbonate éCOa) .............................
Sulphide (8)..... .
Hydroxyl&OH)..

Arsenate (AsOy) .

Phosphat (POL)..-wnrmnenennnnnons N I

Weak acids..ooevuiieiiinaiiaiiiii.
Sumofacids.....cooeeniiiiiiiiiit

Total value of reacting solids..... PP

BASE ANALYSIS. :
(Summary by weight, in parts per million.)
Total weight of reacting solids................
Colloids (Si0g, Alz03, Fes03, BOg, etc.) ......

Total dissolved solids..................

ases:
Hydrogen sulphide (H2S)................

Carbon dioxi(ﬁé [(o107) PN

Parts per
million.
524.2

Parts per

million.

537.8
Trace.
Trace.

Trace.

375
9

37,502
14

384

Present.
3

36,823

37,516
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TaABLE 7.—Chemical character and geochemical properties of zinc-bearing waters in

Oklahoma—Continued.
No. in synoptical table..............coocioiaann 69 71 7
S0Uree Of Water.. .. oe e ieeeeeelineeeaananennnn Bernice well..... Chapman & Len- | Fairland well.
nan mine,|
PROPERTIES.
Primary salinity.......coooeeeeiiiiiiiiiias
Secondary salinity. .
Tertiary salinity. .
Primary al.kahmty
Secondary alkahmty .
Tertiary alkalinity..........ooeiiiiiiiiiiiii oo
100.0 100.0 100.0
Chloride salinity. . 5.8 44.4 39.8
Sulphate salinify.. - I P
Per | Partsper| Per |Partsper | Per | Parts per
REACTING VALUES. cent. | million. | cent. | milliom, | cent. | million,
SodUM (N8).ueeeeeeeeeiiiiiiieeeeeaanaes 3 0. 4559 22, 4.052 16.6 1.673
Potassium (K). SN N AU IO A
5170V E00 4« 7 TR PRl P e e el
Ammonium (NH4) ..............................................
.......... 22,2 {eeweenennd| 166 {oe..o.....
2.567 20.2 3.683 18.0 1.812
. 5803 7.6 1.397 15.4 1.552
.......... 27.8 |ceeeeeaoll] 334 |o..oo.ll.

Iron (Fe
Aluminum (Al)..
Manganese %&n)
Hydrogen (
Nickel (Ni)..
Cobalt (Co). .
agper (Cu)
mlum (Cd). .
Lead (Z
Zinc (Zn,

Metals. . oeeee e .
Sum of bases....occvviimiiiiiiiiiii

Sulphate (SO4) ..................................
Chloride (Cl).. .
Bromide (Br)
Todide (I)

Fluoride (F

Nitrate (NOg). ....
Thiosu]phate (8:03)

Strong acids..... .........................

Carbonate (CO;)
Sulphide (Sg)

Hydroxyl H)
Arsenate (AsOy) ..
Phosphate (POs)

Weakacids.eoeeneenionenecnanieanaaa...

Sum of 2CidS. .. eeueunnnnnn. e

Total value of reacting solids..... S
BASE ANALYSIS.

(Summary by weight, in parts per million.)
Total weight of reacting solids...................
Colloids (SiOg, Al303, Fes03, BOg, otc.) .........

Total dissolved solds......cooevieeeanaal.

Hydrogen sulphide (HsS).coevveeeeennnnnaan
Carbon dioxide (COg)

18

637
11

315

Present.
39

648
Abundant.
22
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TaBLE 8.—Chemical character and geochemical properties of zinc-bearing and related
waters in Colorado.

No. in synoptical table....................... 3 6 10
Source of Water........oveeeuiiiiiiiiiianns Geyser mine Doughty Black | Poncha Spring.
(2,000 feet). g
Temperature. . . ..oeveecnenennneneannannnn.aa 80° Fuoiiiiiiii, 17.5° C. =-63 5°F...| 90°-168° F.
PROPERTIES.
Primary salinity............oooiiiiiiial 14.8 4.6 2.4
Secondary salinity . ............oooooenenn) T e
Tertiary salinity...........
Primary alkalinity......... 47.8 38.0 56. 4
Secondary alkalinity 37.4 17.4 15.2
Tertiary alkalinity . .....ooooeiiiiioiiianenes] o e e
100.0 100.0 .

Chloride salinity....cuoeeeneiiiaennnnns 9.0 35.4 10(;%
Sulphate salinity..........ccoeveeiiiiiln 58 8.8 206

Per | Parts per | Per | Parts per| Per | Parts per

. REACTING VALUES. cent million. | cent. | million. | cent. | million.

S)odxun} (Na}. 26.6 [ 31.30 39.91 51.96 41.8 8.670
F otassium (X 4.3 5. 069 1.1 1. 504 .6 . 1153
thhmm_ (Li)..... .4 . 4107 .2 W2276 |eeeie et
Ammonium (NHy)..oooooeeiieenenaa ool .1 0719 |,

Iron (Fe)
ﬁlummum (i\tl))
anganese (Mn
H ydrogen (&I
Nxckel (Ni)....
Cobalt (Co). .
Copper (Cu)...
Cadmium (Cd)
Lead (Pb)
Zing (Zn)

Sum of bases.
Sulphate (SO4).
Chloride (C1).

Bromide (Br)
Todide (I)..

Fluoride 1&
Nitrate (NOs)..
Thiosulphate (S
Strong acids...
Carbonate (CO3). .
Sulgr ide (8).
oxyl (OE
Arsenate (AsOq)
Phosphate (1’04)
Weak acids

Sum of acids

Total value of reacting solids

BASE ANALYSIS.

(Summary by weight, in parts per million.)
Total weight of reacting solids.._.....
Colloids (SiOg, Al;03, Fe;03, BO;, ete.

Total dissolved solids
GMH dr Iphide (HL S)
ydrogen sulphide (Hai
Caxbong dioxide (COg)..

50.0 | 58.76 §0.0 65.15 50.0 10.36
2.9 8.367 4.4 5. 686 10.3 2.140
4.5 5. 256 17.7 23.01 3.9 . 7981
....... Trace. .1 [ 1257 2 R
Trace. |.oveen.. Trace. [...ccueiloeeuiaoon
....... 0 ;YT T R RN PR B
.0 W02576 |.eeeeiefovninneea el
................... .1 1926 ..o oLl
Tod oeeoiaaaind| 223 [l 14.2 ool

42.6 [..oo... 207 |, 35.8 Joeuinnno .
50.0 | 58.76 50.0 | 65.15 50.0 |  10.36
100.0 | 117.5 100.0 | 130.3 100.0| 20.72
4,655 4,766 820
31 35 57
4,801 877
49
977
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TasLe 8.—Chemical character and geochemical properties of zinc-bearing and related
waters in Colorado—Continued.

Caleium (Ca)....coeeeeriiiiiiii i
Magnesium (Mg)
Barium (Ba)....
Strontium (Sr)....coioiiiiii i

Earths

Tron (Fe)
Aluminum (Al)...
Manganese gin).
Hydrogen (H)..
Nickel (Ni;
Cobalt (Co
Cogper (Cu).......
Cadmium (Cd)....
Lead %Pb)

Zinc (Zn)

Sulphate (SOy)
Chloride (Cl)......
- Bromide (Br)
Todide (T)
Fluoride I&F)

Strong acids.............oooooiiiiiii

No. in synoptical table.......................... 11 12 14
Source of water. . ..... el w ggons Wheel C%ld Sulphur Dopghgy Drink-
iap Spring. pring. ing Spring.
Temperature............cocoieeeiiiiiaiiananann. 135° % ............................. pring
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