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ABSTRACT

These bibliographies and the notes that accompany them have been pre-
pared to aid the economic geologist in his study of ore deposits; they
certainly will not do all of his work for him. [ have tried to include all
ore districts in northern Europe for which sufficient material is available
in print to permit a student of ore deposits to obtain a real understanding
of each of the northern European deposits in this Volume. Of the deposits
selected from the impressive number available from the Soviet Union, only a
small sample could be chosen. Those selected are ones for which the liter-
ature is sufficient to permit study in some detail by the student but only
if he reads Russian with ease.

The references for the deposits in northern Europe are largely in English
because the Scandinavian ore geologists now write most of their papers in that
language. References in the languages of those countries and in German and
French are included where they are thought to be pertinent to the problems be-
ing discussed. The large majority of the citations to the literature for the
Soviet deposits are, of course, in that language, although references in
languages using the Roman alphabet are given where this is possible.

The notes are designed to show: (1) where the deposit is and the grade
and tonnage of the ore it contained and, where possible, yet contains; this
information is not readily available for deposits in the Soviet Union; (2)
the stratigraphy and structure of the rocks of the district, sedimentary,
igneous, and metamorphic; (3) the characteristics of the ore bodies in
relation to stratigraphy and structure and to ore and gangue minerals; (4)
the information bearing on the age of the deposit; and (5) the reasons for
the position assigned to it in the modified Lindgren classification (for
a full discussion of that classification, see Volume I in this series).

These notes should serve to acquaint the student with the deposit and to
explain the ideas of those who have worked on it (and mine, where they differ
from those readily available in print.) Any student of any deposit must do
much more than read these notes.

Several indices are provided in the back of this Volume; these list the
authors of the papers cited in the references, the names of the deposits
given in the references or in the notes, the metals and minerals produced
from each deposit, the ages of the various deposits, the classifications of
the various deposits; ali indices are arranged alphabetically.

Outline maps are included to show where the deposits are in relation to
the general boundaries of the countries in which they are contained.

*ZUSAMMENFASSUNG

Diese Literaturzusammenstellungen und ihre begleitenden Bemerkungen
wurden angefertiat, um dem Lagerstdattenkundler bei seinem Studium der
Erzlagerstdtten zu helfen; sie werden sicherlich nicht alle seine Arbeiten
fliir ihn erledigen. Ich habe versucht, alle Erzbezirke in Nordeuropa, fur
die hinreichend viele Veroffentlichungen vorliegen, einzubeziehen, um dem,
der sich mit Erzlagerstdtten beschaftigt, zu ermoglichen, jede in diesem Band
behandelte Lagerstatte wirklich zu verstehen. Von der beeindruckenden Menge
der erfagbaren Lagerstdtten in der Sowjetunion konnten nur wenige ausgewdhlten
Lagerstatten ist immerhin soviel verdffentlicht worden, dag der inter-
essierte Leser auch Einzelheiten erfahren kann, wenn er russisch ohne
Schwierigkeiten liest.

Das Schrifttum iUber die Lagerstdatten in Nordeuropa ist im wesentlich
englisch verfagt, hauptsdchlich deshalb, weil inzwischen die skandinavischen
Erzlagerstattenkundler die meisten ihrer Aufsdtze in dieser Sprache schreiben.
Arbeiten in den skandinavischen Sprachen, in deutsch und franzésisch sind
dann aufgefiihrt, wenn sie fiir wesentlich zum Verstdndnis der behandelten
Fragen gehalten wurden. Die Literaturzitate ilber sowjetische Lagerstatten
sind iibersiegend in russisch, wie sich von selbst versteht, aber da, wo es
mdglich war, wurden auch Arbeiten in Sprachen erwdhnt, die das lateinische
Alphabet benutzen.

RAB-A*
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Die Anmerkungen sollen zeigen: (1) die geographische Lage der
Lagerstatte, ihren Gehalt und die Vorrdte, wenn moglich, auch die heute noch
verflgbaren; diese Informationen ist fiir Lagerstatten in der Sowjetunion nicht
leicht zu erhalten; (2) den geologischen Rahmen des Erzbezirks, d.h. die
Stratigraphie, die Struktur, ob es sich um sedimentare, magmatische oder
metamorphe Gesteine handelt; (3) die Kennzeichnung der Erzkérper inbezug
auf Stratigraphie und Struktur sowie auf Erzmineralien und Gangarten;

(4) die fur die Alterseinstufung der lLagerstatte wichtigen Angaben; (5) die
Begrindung fur die Einstufung in das modifizierte Schema nach LINDGREN (siehe
Band [ dieser Serie fiir eine ausfithrliche Disskussion dieser Klassifikation).
Diese Anmerkungen sollen dazu dienen, den Bearbeiter mit der Lagerstatte
vertraut zu machen und ihm die Vorstellungen jener nahezubringen, die die
Lagerstatte untersucht haben (und auch meine Vorstellungen, wenn sie
abweichend sind von denen, die in der leicht beschaffbaren literatur
vertreten werden.)

Jeder Bearbeiter mug jedoch fiir jede Lagerstatte weit mehr tun als nur
diese Anmerkungen zu lesen.

Am Ende des Bandes stehen verschiedene Verzeichnisse: eine Liste der
Autoren, die ziteriert worden sind, ein Verzeichnis der Lagerstatten, die in
der Literaturzusammenstellung oder in den Anmerkungen erwahnt worden sind,
eine Liste der Metalle und Mineralien, die von jeder Lagerstdtte gewonnen
worden sind, eine Auflistung der Alter der verschiedenen Lagerstatten sowie
eine solche der genetischen Einstufung. Alle Verzeichnisse sind alphabetisch
geordnet.

Obersichtskarten sind angeschlossen, um zu zeigen, wo sich die
Lagerstatten innerhalb der jeweiligen Landesgrenzen befinden.

* Translation provided by Dr HansgeorgForster, Rhein.-Westf. Techn.
Hochschule Aachen, BDR.

# RESUMEN

Estas bibliografias y las notas que las acompanan se han elaborado para
facilitar la tarea del metalogenista en sus estudios sobre los yacimiertos o
les depdsitos minerales: sin embargo estos documentos no van a solucionar
todo su trabajo. ET1 autor ha intentado incluir todos los distritos mineros
del Norte de Europa para los cuales hay suficientesdatos publicados como para
permitir, al que se interesa por los yacimientos, tener un conocimiento exacto
de cada uno de los depdsitos de Europa septentrional mencionados en este
volumen, Dado la enorme cantidad de yacimientcs en la Union Soviética, el
autor se ha visto obligado a elegir un pequeno numero de los previamente
seleccionados por é1. Se han elegido los depdsitos acerca de los cuales se
han publicado datos suficientes para que el interesado en metalogenia pueda
analizarlos con cierto detalle con tal que sepa leer Ruso con facilidad.

Las referencias a los depositos del Norte de Europa son principalmente
en Inglés porque actualmente los metalogenistas escandinavos escriben la
mayoria de sus trabajos en ese idioma. Se incluyen referencias en los idiomas
de estos paises, asi como en Alemdn y en Frances, cuando estas referencias se
estiman necesarias para los temas que se debaten. Para los depdsitos soviéti-
cos, la mayoria de las citas de obras publicadas aparecen naturalmente en
Ruso, aunque se dan referencias -en la medida de lo posible- en idiomas que
utilizan el alfabeto latino.

Las notas tienen como prop6sito indicar: (1) la situacidn geogrdfica del
depb6sito asi como la ley y el tonelaje de la mena que contenia y, en su caso,
que contiene todavia; esta informacidn no es fdcilmente disponible en el caso
de los depdsitos de la Unién Soviética; (2) la estratigrafia y la estructura
de las rocas del distrito (rocas sedimentarias, igneas y metamérfica); (3) las
caracteristicas de los cuerpos mineralizados respecto tanto a la estatigrafia
y a la estructura como a la mena y a la ganga; (4) la informaci6n respecto a
la edad del depdsito; y (5) las razones que justifican la posicién asignada a



ABSTRACT

este depbésito en la clasificacidn modificada de Lindgren (para un conocimiento
mds completo de esta clasificacidn, ver el volumen I de esta serie). Estas
notas deben proporcionar al interesado informacion respecto al dep6sito en
cuestion y presentarle las ideas a las que se ha 1legado por investigacidn de
sus propias ideas cuando estas difieren sensiblemente de las recogidas en obras
publicadas al respecto. En todo caso, todo metalogenista deseoso de conocer
detalladamente un yacimiento determinado debe hacer mucho més que leer estas
notas.

Varios indices aparecen al final del volumen y recogen, por oden alfa-
bético: los autores de las publicaciones citadas en las referencias, lo0s
rombres de 1os depbsitos senalados en las referencias y las notas, 10s metales
y minerales existentes en cada vacimiento asi como las edades y la clasifi-
cacifén de los diversos depésitos.

Se incluyen mapas esquemdticos para situar los depGsitos dentro de los
limites generales de las regiones o paises a 10s cuales pertenecen.

# RESUME

Ces bibliographies et les notes qui les accompagnent ont été élaborées
en vue de faciliter la tache du métallogéniste lors de ses études sur les
gisements ou les dépots minéraux; toutefois ces documents ne vont pas solu-
tionner tout son travail. L'auteur a tenté d'inclure tous les districts
miniers du Nord de 1"Europe pour lesquels des donnees suffisantes existent
dans la littérature afin de permettre 3 celui qu1 s'intéresse aux gisements
d'avoir une connaissance exacte de chacun des dépots d'Europe septentrionale
mentionnés dans ce volume. Vu 1'enorme quantité de gisements qui existent en
Union Soviétique, 1'auteur s'est vu obligé & ne retenir qu'un petit nombre de
ceux qu'il avait préalablement selectionnés. Le choix s'est porté sur les
depots pour lesquels des données suffisantes ont été publiées af1n que celui
qu1 s'intéresse a 1a métallogénie puisse les analyser en detail a condition
qu'il sache lire le Russe avec facilite.

Les références serapportant aux dépots du Nord de 1'Europe sont principal-
ment en Anglais du fait qu'actuellement les métallogénistes scandinaves
écrivent 1a majorité de leurs travaux en cette langue. Des références dan les
langues de ces pays ainsi qu'en Allemand et en Francais sont aussi mentionnées
lorsque ces références s'avérent nécessaires lors de la discussion des thémes
traités. Pour les dépots soviétiques, la plupart des citations des travaux
publiés apparaissent naturellement en Russe, bien que -dans la mesure du
possible- des références dans des langues utilisant 1'alphabet latin sont
également fournies.

Les notes ont pour but d'indiquer: (1) la situation géographique du dépot
ainsi que la teneur et le tonnage du minerai qu'il contenait et, le cas
échéant, qu'il contient encore; cette information n'est pas facilement dis-
ponible pour les dépots de 1'Union Soviétique; (2)1a stratigraphie et la
structure des roches du district (roches sédimentaires, ignées et métamorph-
iques); (3) les caractéristiques des corps minéralisés par rapport a la
stratigraphie et & la structure ainsi que les caractér1st1ques du mineral et
de 1a gangue; (4) 1'information concernant 1'age du dépot; et (5) les raisons
justifiant la position assignée a ce dépot au sein de la classification
modifiée de Lindgren (pour une connaissance plus compléte de cette
class1f1cat1on, voir le volume I de cette ser1e) Ces notes fourn1ssent a
1 1nteresse des informations concernant le dépot minéral envisagé et lui
presentent les idées qui resultent des recherches réalisées sur ce depot,
1'auteur a egalement exprimé ses propres idées lorsque celles-ci différent
sensiblement de celles recueillies dans les travaux publiés. Cependant tout
métallogéniste désireux de connaitre en détail un gisement déterminé doit
faire davantage que de lire ces notes.

Plusieurs indices apparaissent en fin de volume et ment1onnent, par
ordre alphabétique: les auteurs des publications citées dans les références,
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Tes noms des dépots signalés dans les références et les notes, les métaux et
minéraux existant dans chaque gisement ainsi que les ages et la classification
des divers dépots.

Des cartes schématiques sont jointes pour situer les dépots par rapport
aux limites générales des régions ou des pays auxquels ils appartionnent.
# Translations provided by Professor DrGeorges Monseur, Departamento de Geologia,
Facultad de Ciencias,Universidad Autdénoma, Canto Blanco, Madrid 34, Espana

PE3!OME

Npemgnaraemue EUGNUOTpaduyeckHe OBG30pPH CTABAT CBOEY LEJIbIO
NMOMOUL I'eOJIOraM B HM3yUEeHUU PYIOHHX MeCTOpPOXIEeHUu¥. $ NONHTancs
OXBaTHUTh B 3TON padoTe BCe Te pPyOHHe panons CeBepHOW EBpONH;
KOJIMMECTBO ONYyBJUKOBAHHHX CBeIOeHHUN, NMO KOTOPHM MOIJIO fAH NO3-
BOJIUTh HMCCJIEOOBATEJI0 COCTABUThL LOCTATOUYHO NOJIHOe NpelcTaBJIeHHe
O KaxOOM U3 MeCTOPOXIOEHME, BKJIVUEHHHX B 3TOT TOM. Jlumb HEMHOTHEe
U3 OSMIMPHOI'O CIUCKa 3aCJIyKMBAaKWMUX BHUMaHUA MecToOpoxneHu#t CCCP
CMOTI'JIM HHTH OXapaKTepu3OBaHH B 3TON padoTe. BHJIM BHApPaHH Te
MECTOPOXIOEHUSsI, NO KOTOPHM B JIMTepaType HMEKnTCA 60Jilee MeHee
OeTaNlbHHE CBeOeHHA, OOHAKO aHaJIN3 3TON JINTepaTyph OOCTYNEH Juub
reoyioraMm, CBOOOOHO YUTAWUM MO-PYCCKH.

Bonpmasd 4YacTh CCHJIOK B GUGIMOTIpaduUU NC MEeCTOPOXIOEHUAM
CeBepHOH EBpONH JaeTCs Ha paftoOTH, HaNMUCaHHEe NO-aHTJIMACKH, Tak
KaK M CKaHOUWHaBCKHe TIeOJIOTHM B NOcjiefHee BpemA MYyCGJIHUKYIOT GOJbUIMH-
CTBO CBOMX CTaTel Ha aHIJIMHCKOM A3HKe. B Tex cnyuadax, Korma 3TO
CymeCTBEHHO OJiIi Of6CyxIOaeMux Npo&JyieM, OAaHH TaKkKe CCHJIKM Ha pa6oTH,
HanuCaHHHEe Ha HeMelUKOM, (¢paHlUy3CKOM U Ha A3HKAX CKAHOMHABCKHUX
CTpaH. IIpn onucanuu MmecTtopoxdeHurn CCCP, TOMHMO CCHJICK Ha pyccC=
KHe pPa’doTH, YKa3aHb M UMenumueca MyOGIukaluy Ha eBPONenCKUX
A3BIKaX .

O630p MO KaxOOMy Ha MeCTOPOXIEeHHHN BKJIoYaeT ClleoywmHe cBepe-
Hug: 1. I'Ieé pacloOJIOKEHO MECTOPOXIEHUHe: ero macurate: [o6H4Ya
MeTa/yla B TOHHax, HMewmHecs samnacH - nogobHasa uHPopMauua IO
MeCTOpOxIOeHUsAM CoBeTCkoro Cow3a MpakTUYEeCKU OTCYyTCTByeT. 2.CT-
paturpadua ¥ CTPYKTYpa patOHa, TUMNH MU NMOCHIeNOBaTeJIbHOCTh OCamouy-
HHX, HW3BEPKEHHHX M MeTaMOpPUUECKUX nopon. 3.XapakTepHUCTHKA
PYOHEIX TeJl — HUX NOJIOKEHWE B pas3pe3e, CTpPOEHUe, COCTAaB PYIOHHX U
KUIILHHX MHHepanoB. 4. CBeOeHUsA o BO3pacTe OpydeHeHuA. 5. Kpu=
TepUU IONA OTHECEHUS MEeCTOPOXIEeHMUS K OOHOMY MR THUIIOB YCOBEPBIEH-
CTBOBaHHOM Knaccuduxaumu JIuuorpeHa (OscyxOeHue knaccuduxaluu
maHo B 1 Ttome aTOM cepum). IlpenmonaraeTcs, 4YTO 3TU CBEIOEHMUSA
TTOMOTYT UCCJIEOOBATEM0 O3HAKOMUTBLCA KaK C TJIaBHHMU 4YEpTaMU MeCTO-
POXIOEHUS, TaKk U C UOeAMHM HM3YYABWUX €r'c I'eOJIOTOB M aBTOpa o63opa
(ram, T'Ie ero npelcTaBJIEeHUS PACXOOATCHA C HAUOOJIEE€ OOCTYMHHMH B
nurepaTtype). HeCOMHeHEO, o6O# reONyior, IPUCTYNAaWUN K u3yYEeHHH
JHIO6OTO MECTOPOXKIOEHHUSA, Ha IOOJIKEH OTU'PaHUYMBATHLCA JUMWb O3HaKoOMIIEe—
HUEM C TmpenyaraeMsiM O0630pOM.

B xOHUe ToOMa NpuBeneH pan anpaBUTHHIX yKasaTeJlel: aBTOPOB
HUTUPOBAHHHX PaBGoOT; Ha3BaHUI MeCTOPOXIEHWH; OOOHBaEMHX METAJJIOB
M MHHEpAJZIOB; yKa3aTeJIM BO3pacTa MEeCTOPOXIEHHH M uUX MEeCTa B KJlac-
cupukauum.

JaHH OG3OpHHE KapTH, YKa3HBawomue pacnoJIOKeHEHe MEeCTOPOXIOeHUHR
Ka¥IOON CTpaHH NO OTHOWEHHWK K €€ TI'paHullaM.

Translation provided by Dr. V.A.Baskina, Institute of Ore Depo-
sit Geology, Petrography, Mineralogy and Geochemistry of the
USSR Academy of Sciences, Moscow, USSR.



INTRODUCTION

This is the third volume in a series designed to discuss the major ore
deposits of the world for which the published literature is adequate, or
better, for a study of each ore body here presented. Some deposits very
minor in size are included because of their interesting or even unique
geology. Many deposits, the geology of which almost certainly would justify
their inclusion here, have been omitted because the available literature is
too scant to permit the reader to verify what I claim to be facts.

Originally the third volume of this series was planned to cover all of
Europe and a few of the geologically most interesting ore deposits of the
USSR. It soon was discovered, however, that the material available from the
Soviet Union would permit the discussion with profit of 30 of that huge
country's deposits. In addition, the literature on the ore bodies of northern
Europe is large enough and sufficiently comprehensive to require a separate
volume for that part of Europe and for the 30 Soviet deposits. Volume III,
therefore, has been divided into two parts. The first of these, this one, is
designated as Volume III, Part I with the title being: Northern Europe and
Selected Examples from the USSR. The second part will bear the title:
Central and Southern Europe.

This part of Volume III will depart from my original plan of limiting
the deposits included to those formed only (or dominantly) by magmatic and
hydrothermal processes and contains deposits formed in whole or in major part
by surface sedimentary processes as well.

As I have done before, I have not limited the references selected only
to those published recently. Although I have been criticized for doing this,
I find that many of the older papers contain information useful to the student
that is not available in more recent works.

In arranging the bibliographies and notes in this Volume, the basic
division is by countries; within the various countries, the organization
differs from one to the next. In Ireland, the geology of the ore-bearing
part of that island (which largely excludes for the purposes of this Volume)
Northern Ireland) is discussed briefly and short descriptions of several
deposits, the literature on which does not make possible a more extended
treatment. This section is followed by detailed studies of three major
deposits, given in alphabetical order, for which sufficient information is
available to justify so doing.

For Great Britain (again excluding Northern Ireland), the tin-tungsten-
copper deposits of Cornwall are treated first. This discussion is followed
by a general statement about British lead-zinc deposits. Then come dis-
cussions about six of the major lead-zinc deposits of England with the four
Mississippi-Valley type deposits being placed before the two in which higher-
temperature processes took part and in which silver is of appreciable economic
importance. The single deposit in Scotland and the one in Wales are studied
in that order; they are of the higher-temperature, silver-bearing variety.

In Norway, three of the deposits {Sulitjelma, Bleikvassli, and Rgros-
Kvikne-Killingdal) that have a similar genesis are given first, The order of
the remaining four, no one of which has genetic similarities to any of the
other three, are arranged from north to south.

For Sweden, a general summary of the metallogeny of that country is given
first; in this section are included brief descriptions of certain ore bodies
that are of such geologic interest as to justify separate presentations if
only the literature for them was sufficient in extent and variety. The 16
Swedish deposits (or deposit groups) considered separately are arranged
roughly by geographic areas. The first of these is the one that contains the
iron ores of central Sweden in which the numerous ore bodies are of a few

5
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divergent types. These deposits are similar enough not to require detailed
geologic descriptions, but several of them are considered briefly. A few
deposits in the central Swedish area are so different in their geologic
characteristics that they warrant discussion in detail; these are: Granges-
berg, L&ngban, Falun, and Garpenberg. Also included in this area is the un-
usual lead-zinc sulfide deposit of Ammeberg, which is near the southern margin
of the central Swedish ore area.

The next general area to be considered is that of the Skellefte District,
all the deposits of which are located in Vdsterbotten province. This district
is here divided into three geographical areas to make the discussions more
manageable. Then follow three other deposits in Vdsterbotten, Lainijaur,
Stekenjokk, and Varutrédsk, no one of which is genetically similar to the other
two or to the Skellefte ores. After these three come the deposits in the
province of Norrbotten, Aitik, Laisvall, and Kiruna-Gdllivare, that are not
in any way genetically connected. The last two deposits are the carbonatite
of Alnd Island and the farthest south of all major Swedish metallic ore
deposits, Smdlands Taberg.

In Finland, a brief description of the ore geology is given, followed by
detailed discussions of 12 deposits (or deposit groups) for which treatment
in depth is possible. These are arranged alphabetically, although grouping
according to genetic characteristics might be possible. Such an organization
would put the deposits of the nickel-copper belt (or belts), Ahlainen-
Sddksmdki and Hitura-Makola-Kotalahti, together. These would be followed by
the copper or copper-zinc-lead deposits [Hd11inmdki, Hammaslahti, Orijdrvi-
Aijala-Metsdmonttu, Outokumpu (and its stalleites), Pyhdsalmi, and Vihanti]
is a separate group. These deposits show enough differences in geologic
character, however, that this was not done. The remaining four deposits (Kemi,
Mustavaara, Otanmdki, and Y18jdrvi) are so distinctly different as not to be
placed in a single genetic category. The study of Finnish ore deposits,
therefore, is begun with a general statement about the ore geology that is
followed by a discussion of each of the 12 major deposits (or deposit group-
ings) in alphabetical order.

The only two deposits in Poland worthy of separate treatment are so
diverse in character as to make it reasonable to present them also in an
alphabetical arrangement.

The organization of the Soviet deposits is done on the alphabetical
positions of the political divisions in which they lie; a table to their
arrangement is given in the introduction to the Soviet section of this
Volume.

The 80 deposits (or deposit groups) discussed in detail here are located
in the following countries:

Ireland 3 Wales 1 Finland 12
England 7 Norway 7 Poland 2
Scotland 1 Sweden 17 USSR 30.

These 80 do not include the four general discussions presented in the Volume.
Probably I shall receive considerable criticism for attempting to

denegrate the role of chloride ion in the transportation of ore elements from
the source(s) from which they are derived to their site(s) of deposition. My
conviction that sulfur must be introduced along with the metal ions is, as I
have said many times, based on the complexity of sulfide minerals that must
require an intimate and continued association of the various sulfur radicals
with metal ions, and cannot be achieved by chance encounters with sulfur ions
lying in wait for wandering ions of the various ore metals. Yet experimental
work strongly indicates that the pH of ore fluids must be within ranges that
preclude the formation of the necessary metal-sulfur complexes. I consider
that this conclusion will some day be upset by the "missing experiment;" I
only wish that I may live to see it carried out and the results published.
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In this connection, I would like to refer to the recent work of Hansgeorg
Forster and Rudiger Oberste-Padtberg that was presented during the 12 to 15
January meeting in London of the Contact Group "Geology of Ore Deposits held
at the Institute of Geological Sciences. These authors point out that the
stability of the pair H,S/H,S04 is doubtful (Phillips and Williams, 1965)
although Barnes contends (quoted by F¥rster and Padtberg, 1982) that these
are the only two species in which sulfur occurs in hydrothermal fluids.
Phillips and Williams, however, have argued that, in acid solution, H,S will
tend to reduce any sulfur in any sulfur-bearing radical to the native state.
On the basis of this concept, they believe that intermediate oxidized sulfur
species (I0SS) can and will participate in dissolving, transporting, replace-
ment, and precipitation reactions that take place as a hydrothermal fluid
makes its way upward from the locus of its development to the final stages
of its precipitation cycle. During this journey, the solution will deposit
not only sulfides but also sulfates and sulfosalts by making use of the I0SS
produced in its upward progress.

The opinion of Forster and Padtberg is that I0SS such as S0372 (sulfite),
$,0672 to S$,0¢72 (thionates), $,03~2 (thiosulfate), and SS 2 to S,S72 (poly-
sulfides) may be present in hydrothermal fluids below 600°C and 1gP;, equal to
-40 with the I0SS initially being much more abundant than sulfate. Tﬁe form-
ation of I0SS is favored by the action of FeS-FeS,-Fe;0, and FeS,-Fe30,-Fe,0;
buffers (Holland, 1965). Sources of such I0SS in natural hydrothermal
solutions would be: (1) sulfur transferred from cooling magmas by hydrothermal
fluids (internally or externally generated in relation to the magma); (2)
sulfate-rich waters such as those provided by sea water or from intraform-
ational brines, these waters being heated by contact with rocks carrying
residual heat from magmatic processes; and (3) sulfur-rich waters generated
by the oxidization of sulfides encountered by hydrothermal fluids during their
upward passage. Within such solutions, the disproportionation of the original
sulfate depends on the temperature, pressure, contained catalyzers and
inhibitors (such as NH3, iron minerals, and silica gels) in the hydrothermal
fluid. Forster and Padtberg suggest that the I0SS so produced may exist in
hydrothermal fluids long enough to be responsible for the dissolution and
transportation of sulfur, the sulfur-bearing radicals so formed being available
to combine with metal ions to produce both sulfide (in the broad sense) and
sulfate minerals of the wide variety found in ore deposits, thereby providing
an explanation of the precipitation of barite in temporal conjunction with
the usual sulfur-bearing minerals of hydrothermal deposits.

Reading through Barnes' chapter in his "Geochemistry of Hydrothermal
Minerals" indicates that Fdérster and Oberste-Padtberg have somewhat misinter-
preted Barnes for he says (p. 408) that:

"(sulfur) Complexes may be formed by reactions of metals with most of
the aqueous species shown in (Barnes') Figure 8.1 (p. 409 in Barnes),
including the (generally) subordinate species, polysulfide, thiosulfate,
and sulfite, During oxidation of sulfides, these subordinate species
may be produced in concentrations . . . . that exceed those of the
thermodynamically dominant sulfide and sulfate species. Thiosulfate and
polysulfide species can persist metastably at significant concentrations
for long periods, and, in the latter case, to above 200°C in near-neutral
solutions , . . . There may even be a small field near neutrality where
polysulfide species are more stable than sulfides or sulfates at Tow
temperatures . . . . In contrast sulfite species d1sproport1onate
relatively rapidly even at ambient temperatures . . . .

This quotation indicates that Barnes is in essential agreement with
Férster and Oberste-Padtberg on the matter of disproportionation of sulfur
species. Barnes goes on to say that:
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"The dominant complexing ligands among sulfur species are more likely

to be HS™ or H,S in hot, reducing, hydrothermal solutions where
equilibrium is favored by time and high temperatures. Stronger complex-
ing is caused by the bisulfide ionic field than by the dipole field of
molecular H,S. For this reason, it is in, or close to, the stability
of HS™ that bisulfide complexing is more likely to result in higher
solubilities of the sulfides."

However, Barnes goes on to say that:

"geologically improbable, very alkaline solutions are required above
approximately 300°C for HS™ to become the dominant species. For this
reason (Barnes believes), bisulfide complexes may be important only at
temperatures below roughly 350°C."

This conclusion, though well documented, seems, so far as natural hydro-
thermal solutions are concerned, to be subject to some question. For example,
numerous ore deposits contain the three major ore sulfides (chalcopyrite,
sphalerite, and galena) that almost certainly were deposited in a continuous
sequence at temperatures from over 500°C down to as low as 200° to 250°C (or
Jocally down to as low as 100°C+. How, if HS™! cannot be a dominant species
above 300° to 350°C, does this continuous deposition occur from over 500°C on
down without any apparent change in the character of these three sulfides
(until the lack of silver in galena is encountered below about 175°C)? Again,
it is difficult, if not foolish, to argue against the strong evidence for the
truth of what Barnes says about the upper 1imit of the importance of HS-! in
hydrothermal fluids; it seems to me, however, that some important fact (or
facts) still is (or are) missing from the experimental picture. It seems
reasonable to consider further work to be required before a completely
acceptable answer to this problem has been achieved.

Obviously, not all of the questions concerning the species and sequences
of sulfides, sulfosalts, and sulfates present in ore deposits are answered by
assuming that the disproportionation of oxidized sulfur species into sulfide
(and thiosulfide) and sulfate is a valid concept. A thorough study of the
production of ions containing sulfur in various valences through disproportion~
ation may go far toward solving the problem of the presence of the various
species of sulfur-containing radicals in hydrothermal (in the general sense)
sulfide deposits definitely is needed.

I should repeat, from the Introduction of Volume Il "that, because of a
lack of space and funds, geologic maps of the various district in this volume
have been omitted. Such maps can be found in certain of the references listed
for each deposit, and these should be used for a better understanding of the
notes that appear with each bibliography.

In all instances in this Volume, distances, from the smallest to the
largest, are given in the metric system even though this system normally is
not used in those references concerned with deposits in Great Britain and
Ireland.
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Notes

Ireland has been the scene of metal working and fabrication as long ago
as 2000 B.C. Although it is possible that the metals so used were obtained
through a well-organized system of international trade, it is much more
probable that the metals used were obtained indigenously. During the period
of the Viking invasions (beginning on or about 800 A.D.)., much of early
Irish historical and archeological data, including the processes of metal
working and fabrication, were lost or forgotten. There are, nevertheless,
several written, as well as archeological, references to mineral working in
the times of the wars of the Irish with Vikings. The Viking rule in Ireland
reached its zenith in 977 but was broken by two remarkable Irishmen, Malachy,
King of Meath, and Brian Boru in the late 10th century. By 1002, Brian
became the acknowledged High King of Ireland and ended the Viking terror, but
he was killed after the battle of Contarf in April of 1014. The high king-
ship was resumed by Malachy, but he died in 1022, and the rule of the country
was divided among many "kings". This turbulent time reached its climax in
1156 with the death of Ireland's last great king, Turloch 0'Connor. The
first Norman-English invaders of Ireland were the FitzGeralds, but the first
Norman to assume a position of power in Ireland was Richard FitzGilbert
(Earl of Pembroke); he became King of Leinster in 1171. Pembroke (or
Strongbow) was finally victorious over the more or less combined Irish after
first defeating the last Viking invaders. Strongbow, however, thought it
the better part of valor to prefer being the principal English nobleman in
Ireland to being a king in that country, so he swore allegience to King
Henry II of England who had landed with an army at Waterford in October of
1171.  From this time onward (until independence in 1921) control of almost
all facets of Irish 1ife, including mining and metallurgy, passed to the
English. Written records of these metal-related activities still existent
date from the 17th century when mining appears to have been a viable and
profitable industry in Ireland. Copper, sulfur, and iron were recovered
from the Avoca area as early as the 16th century and lead and silver from
Silvermines from the 17th (of course, zinc is now the main metal produced
from that district). Other early mines were those for lead at Glendalough
and for copper in the west of County Cork. Considerable prosperity in
mining continued until about 1880 when lower metal prices drove the Irish
mines out of business. It has been reported that, over the centuries, over
500 localities actually underwent at least some mining, and some of the
localities were, for the times when they were worked, of considerable size.
During all this time, however, methods of processing were primitive, so that
hand-cobbing was the principal means of cencentrating the ores. This
resulted in mining being confined to coarse-grained ores, preference being
given to monomineralic ones, nor was it possible to process the complex sul-
fides even if they were easily concentrated by hand.

Even after the independence of Ireland was achieved in 1921, attempts
to attract foreign companies to prospect in Ireland were of limited success
until the Minerals Development Act was passed in 1940. Obviously, this was
an unfortunate date, for few mining companies had personnel or capital to
Jjustify exploration at that time in a country of no greater promise than
Ireland. After World War II, however, some small operations were successful
to a minor extent, mainly in the areas where small mines had been operated
for many years - for example, Silvermines, Abbeytown [close to Sligo
(N54°17'N, 8°37'W)]1, and Benbulben [about 10 km north of S1igo]. In the late
1950s, however, the Irish government offered generous fiscal benefits for
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the exploitation of deposits discovered. The first deposit discovered under
the terms of this act was Tynagh. Attention was thereby brought to the
lower Carboniferous limestones of central Ireland, and the exploration boom
of the following years lead to the discovery of Gortdrum (about 5 km north
of the town of Tipperary in the county of that name) and of earlier unknown
ore bodies at Silvermines. Interest in the 1960s shifted to the more deeply
buried deposits in the north-central part of the country (although still in
the lower Carboniferous limestones) with the most impressive discovery being
made at Navan (An-Uaimh - N53°39'N, 6°41'W) in County Meath, about 45 km NW
of Dublin. Although considerable mineralization has been located at Keel and
Ballinalack (west of Navan) and Mallow in County Cork (52°08'N, 8°39'W),
economic conditions have not been such as to permit mining of any one of
these. At least a dozen other potentially worthwhile prospects have been
more or less delimited, but work apparently is not active at any of them.

In addition to those deposits named here and the dozen not named, several
geophysical and geochemical anomalies are known in Ireland, but the meaning
of them has not yet been determined. Recent changes in the mining laws of
Ireland, designed to return more of the profits from any mining operations
to the government and less to the companies working them, have made the
country less attractive to explorationists and, if unmodified, may result in
the full mineral potential of Ireland not being achieved. The government,
however, has done some things to aid prospecting by increasing the capabili-
ties of the Geological Survey of Ireland and by undertaking to provide full
air-photographic coverage of the country. Plans also exist for an air-borne
magnetometer survey of Ireland which may provide clues to deposits as yet
unknown.

As Evans points out (1976), the main elements of Irish geology provide
the most westwardly extensions of some of the principal structural units of
both Great Britain and the European continent proper. The metamorphic
portion of the Scottish and Norwegian Caledonides is present in northwest
Ireland, and this area is composed of both Precambrian and Cambrian rocks;

a continuation of these strata also is found farther southwest in northwest
Mayo and western Connemara. This section of the Caledonian fold belt con-
tains as important rock types both pelitic and semipelitic schists and
quartzites, plus much marble and metabasites, that correspond to the Pre-
cambrian and Cambrian Dalradian series of Scotland. Igneous rocks of
Dalradian type, both migmatitic and igneous granites, are located among these
metamorphic rocks. In addition to these metamorphic Caledonian rocks, sedi-
mentary rocks of Ordovician and Silurian age, similar to those in the
Southern Uplands of Scotland, are located in southeastern Ulster and the
northeastern portion of Ireland. Again, the lower Paleozoic rocks of the
northwest of England and of north Wales, both volcanic and sedimentary, are
similar to those in southeast Ireland; this terrane includes the largest
granite mass outcropping in the British Isles. Considerable outcrops of
these lower Paleozoic rocks also are known in the west of the Republic and
are present as inliers of various sizes in the central Irish plain. Between
the lower Paleozoic rocks of the inliers and the lower Carboniferous rocks
that provide the bulk of the bedrock of the Central Irish Plain normally are
annular bodies of the continental facies of the 01d Red sandstone. These
inliers rise up through the lower Carboniferous beds as mountains or low
ranges of hills; not all of them are eroded enough to expose the lower
Paleozoic strata.

The rocks of these lower Paleozoic inliers (Evans, 1976) are normally
geosynclinal shales, mudstones, siltstones, and graywackes that have been
folded and in which some slaty cleavage has been produced. The trend of the
folding is northeast in the eastern part of the Central Plain but rotates to
an east direction in the western part. These rocks may be as much as 3000
plus m thick and probably underlie the entire Central Plain. Evans points



14 ANNOTATED BIBLIOGRAPHIES OF MINERAL DEPOSITS

out that the Precambrian and lower Paleozoic rocks provide the basement of
much of Ireland and formed the foundation of the foreland during the
succeeding orogeny. Evans believes that a knowledge of this fact is neces-
sary if the regional tectonic environments of the main Irish metalliferous
deposits are to be understood.

Ireland, as well as much of Europe, was affected by the formation of
the Variscan geosyncline (Evans, 1976); rocks formed in the northern part
of this geosyncline are exposed in southwestern Ireland (as well as south-
western England and northern France, Belgium, and Germany). These rocks
underwent several phases of folding and regional metamorphism with, at the
end of the Carboniferous, the introduction of granite and various types of
ore mineralization, the Hercynian epoch of mineralization, the effects of
which were felt from Ireland to Czechoslovakia and Poland. In Ireland, as
in other northern European countries, the northern foreland of this
geosyncline is weakly developed. In the Devonian, the rocks of the foreland
are the terrestrial facies of the 01d Red sandstone whereas the rocks of the
geosyncline are marine Devonian. In the lower Carboniferous, the marine
rocks are clastics but the foreland rocks are principally carbonates.
Although the Variscan geosynclinal rocks are well-established in south-
western England, they are lacking in Ireland, but it is suggested that the
northern edge of the geosyncline was only a short distance south of the
present south coast of Ireland. On the contrary, the principal orogenic
front of the fold belt of the Variscan is north of the northern boundary of
geosynclinal rocks and usually is placed along the line of the Killarney-
Mallow thrust front (52°03'N, 9°30'W, 52°08'N, 8°39'W). South of this line
cleavage folding dominates, whereas north of it concentric folding is
impressively developed. The northern limit of this zone of concentric
folding is located at about the latitude of Dublin {53°20'N); beyond this
line, the upper Paleozoic, mainly shallow-water carbonate, rocks are only
slightly folded. The major mineral finds of the last 20 years or so have
been made in these two zones of the Variscan foreland, an area that makes up
the Central Plain of Ireland. The Devonian beds south of the Killarney-
Mallow line are, at least for the present, not known to be appreciably the
host of ore mineralization.

Although the upper Paleozoic rocks in the geosyncline may be as much as
10,000 m thick, those of the Central Plain are much thinner. In the south
of this area, the Carboniferous is conformable on the Devonian; the base of
the Carboniferous becomes younger as the Plain is crossed from south to
north with the northern half of the Plain not being covered by the sea until
the first of the Visean. Here the Carboniferous rocks lie on lower Paleozoic
and Caledonian metamorphics. The maximum thickness of these Carboniferous
sediments, with their gentle dip to the south, have a maximum thickness of
about 1000 m. The basal strata of the lower Carboniferous are calcareous
siltstones, sandstones, and shales (so-called "mixed-beds") that were pro-
duced in tidal zones and shallow water. Upward these beds grade into thick
accumulations of argillaceous and bioclastic limestones. Above these strata
are the thick mudbank limestones {"Waulsortian®); locally these Wualsortian
rocks are interbedded with the older limestones; the Waulsortian rocks are
composed of generally pale-colored, fine-grained carbonates that include,
among other types, micrites, biomicrites, and encrinites (crinoidal lime-
stones). Although these Waulsortian rocks were once designated as "reef
limestones"; this term largely has been dropped. Locally, the Waulsortian
rocks may be missing or sporadically developed, their stratigraphic place
is occupied by oolites, dolomites, and/or bioclastic limestones. Above the
Waulsortian beds, a variety of rock-types, such as dark compact limestones
("Calp"), are quite common or, locally, cherts, cherty limestones, shales,
or other rocks may be present. Running west from Dublin across Ireland in
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the central part of the Plain is a so-called "basinal" facies. The main
rocks of this "basin" are dark argillaceous and carbonaceous limestones and
shales, low in fossils; locally Waulsortian rocks-types are present in the
basinal facies.

No Hercynian intrusives of major size are uncovered in Ireland, but
several minor intrusions are known both in the southern Hercynian fold belt
and in the Central Plain. In a few places, Hercynian volcanic activity pro-
duced lava flows and pyroclastic deposits. Evaporites are, at best, uncommon,
and it is suggested that they are more probably sulfates than chlorides.

In the various belts into which the rocks of Ireland are divided, the
degree of contained ore mineralization is quite varied. The Caledonian
metamorphic belt (in the west of Ireland) has only a few small lead, zinc,
and copper deposits that have not been worked for many years; they certainly,
so far as is known, are too small for economic operation under modern economic
and technological conditions.

Aside from a few small veins of lead and zinc, the Silurian region of
southeast Ulster is not mineralized. In the volcano-sedimentary belt of
southeast Ireland, both vein and stratiform deposits are known. Only two
ever were of major importance. One of these, the Bunmahon deposits, have
not been operated since the early 1900s and information about them is sparse.
They are a system of ramifying quartz veins that cut Ordovician volcanics
and sediments. Chalcopyrite was the only important ore mineral; other sul-
fides were sparsely developed. Ore bodies on these veins were up to 20 m
thick. Because the eroded top of one vein is overlain by a Devonian con-
glomerate, the ore must be older than the Devonian. Locally, lead-zinc
veins occur in the Bunmahon area and in much of the area of lower Paleozoic
rocks in southeast Ireland, but they are of no known or expected economic
importance. The character and source of the ore-forming fluids for these
lower Paleozoic ores is currently unknown.

The deposits at Avoca are discussed in some detail later in this volume.

In the Variscan fold belt, the rocks are old Red sandstone facies in
which a few, uneconomic red-bed copper deposits are present. Several vein-
type deposits (certainly epigenetic) have been discovered but only Allihies,
near the tip of the peninsula between the Kenmare River (north) and Bantry
Bay (south) on the west coast of County Cork, had an output worth mentioning.
The area was explored to a considerable degree in the 1970s (and perhaps
later). Despite this area being a westward continuation of the metallogenic
province of the European Variscanides, no new deposits appear to have been
found. The Allihies deposit, however, has been followed down for at least
800 m with reserves of all categories being perhaps 2 million tons of 1.6
per cent copper ore. Evans suggests that this depth of copper mineralization
in the Variscan orogenic zone may indicate a tin mineralization at greater
depths than have been explored at Allihies. The possibility of granitic
plutons or larger bodies in the area is suggested by the presence of a
faulted continuation of the Cornubian batholith in the Atlantic about 160 km
south of southwest Ireland and negative gravity anomalies measured on, and
tectonic breccias found in, the rocks of this area.

The Central Plain of Ireland, however, is (thus far) the major site of
present, and probably future, Irish ore metalliferous mining. First pro-
duction in this area, not from vein deposits, was at Abbeytown (in north-
western Ireland, about 50 km south-southwest of Donegal) principally between
1950 and 1961. This stratiform deposit probably was known before 1645
(Williams and McArdle, 1978), but no certain information of actual mining
is dated prior to 1785, then monks mined the argentiferous galena. In 1857,
the ore was reported to contain over 360 grams of silver per ton. The ore
contains more sphalerite than galena, but zinc was not recovered until 1917,
when the old dumps were retreated and several hundred tons of zinc and lead
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were recovered and about 550 kg of silver. Some minor exploration at this
time found that the ore extended below the old workings, but nothing more
was done until 1949-1950 when over 750,000 tons of "profitable" ore were
proved. During the open-pit mining of this ore, exploration at lower levels
found two new ore bodies that were worked underground between 1950 and 1961.
When these two ore bodies were worked out (1961), and exploration concurrent
with the mining failed to find more ore, the mine was closed. Total output
from Abbeytown is estimated (Williams and McArdle, 1978) at about 1 million
tons in which the grade was 2.5 per cent zinc; 1.5 per cent lead; and "a
significant content of silver."

The Abbeytown mine is located on the northern 1imb of a shallow east-
west syncline in Visean limestones and clastic sediments; the structure
plunges gently to the west. The syncline is bounded by faults on both sides
the mine area is, respectively, 1600 m from the south bounding fault and
400 m from the north boundary fault. Both of these faults have brought
quartzites and schists of the Ox Mountains metamorphic belt into contact wit
Visean rocks, and both faults are parts of the Ox Mountain fault system. To
the east of the area of the mine, the Visean beds are unconformable on meta-
morphics similar to those of the Ox Mountains belt. The lower Visean rock
sequence is typical of the Central Plain, the thickness of which is somewhat
greater than 150 m.

The mineralization is mainly silver-bearing galena, sphalerite with
common pyrite and minor chalcopyrite; two main mineralized zones exist,

Index Bed and Lower Ore. In the Index Bed, the mineralization is as
stringers and grains of sphalerite and galena with the better ore on the
upper side of the bed where it occurs in breccia zones, vugs, and veins;

in other beds, the ore is developed along bedding planes and joints.
Dolomitization seems to be associated with the ore. The lower ore bodies,
found by the 1950 to 1953 exploration, are within a crinoidal limestone in
the main but also extend into a grit below the limestone to a limited extent.
The ore bodies are in elongated breccia zones that trend NNE and are located
along the flanks of minor folds developed late in the folding. Some NNE
faults and minor NNE folds are connected with the breccia zones. The ores
definitely were introduced after the containing rocks had been folded,
faulted, and brecciated and must, therefore, be epigenetic. What the ore
fluids were or where they came from is not known; they probably did not come
from either of the boundary faults as the ore does not extend to them either
to the north or the south.

01d mines on small, but high-grade lead-silver vein deposits were
worked near Ballyvergin during the 19th century. Exploration by extensive
geochemical and geophysical work in 1960 to 1961 was carried out by Irish Base
Metals Ltd. in the east-central part of County Clare to look for a downward
extension of these vein deposits. A strong induced-potential anomaly was
found in the vicinity of the old Ballyvergin mine, and diamond drilling on
this site found a deposit of disseminated but low-grade copper sulfides in
lower Carboniferous limestones. This was the first discovery of disseminated
sulfides that were associated with minor vein sulfides. The geologists of
Irish Base Metals believe that the ore is contained in a small flexure in the
folded limestones, producing a dome-shaped deposit. Unfortunately, the
proved reserves amount to only about 150,000 tons of 1.0 per cent copper and
16 grams/ton of silver; another 70,000 tons of similar ore may underlie the
known ore in an incompletely drilled rock volume. Ballyvergin, therefore,
is uneconomic for as far in the future as can be predicted, but its discovery
is an encouragement for examination of other targets.

In 1961 to 1962, Rio Tinto-Zinc investigated an area in County Longford,
about 65 to 70 km west of Navan, which was followed by an induced polatiz-
ation study of a limestone-sandstone contact. Drilling, based on this work,
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discovered a lead-zinc deposit at Keel in that county. Within the basal
sandstones and conglomerates of the lower Carboniferous and adjoining the
major Keel fault, disseminated sulfides of these two metals were found. The
associated, east-dipping normal faults of Hercynian age apparently directed
the ore fluids into nearby breccias and fractures; such structural features
also control the disseminated mineralization in such a manner as to give it
(the mineralization) a stratiform appearance. The main sulfide is sphaler-
ite, and it contains 1 per cent cadmium in solid solution. The silver
appears to be contained in the zinc, probably as inclusions (exsolution
blebs ?) of silver-bearing tetrahedrite. The other sulfides, in order of
decreasing abundance are: galena, pyrite, marcasite, and chalcopyrite;
barite also is present but minor in amount. The main gangue minerals are
quartz and carbonates. The deposit almost certainly is epigenetic. The
diamond drilling indicated reserves of 1,700,000 tons of 7 per cent combined
lead and zinc. Even when a 180 m shaft had been sunk and considerable sub-
surface exploration had been done, the total ore found was thought too small
to justify mining.

In 1963 to 1964, a potential copper-silver ore body was located and out-
lined by Dennison Mines Ltd. near Galbally at the western end of the Vale of
Aherlow, County Limerick. It is reported to contain nearly 5.5 million tons
of mineralized rock with a grade of 0.89 per cent copper and 41 grams silver
to the ton. The lower 3 million tons of the deposit has a grade of 1.7 per
cent copper and 47 grams of silver to the ton. At least at present, this
deposit is not economic to mine.

Here the lower Carboniferous limestones are folded into an east-west-
trending syncline, on the northern limb of which the Aherlow deposit is
located. The syncline plunges gently to the west and is bordered to the
north and south by slices of Devonian sediments that have been overthrust
into the area. The mineralized limestones are muddy bioclastic rocks that
grade downward into more muddy and more sandy beds. The principal sulfides
are chalcopyrite, bornite, and chalcocite with minor quantities of sphalerite,
galena, and pyrite. The sulfides are very fine-grained and occur as
disseminations and in veinlets and breccia cements, Native silver and
stromeyerite are known, but Williams and McArdle report that silver probably
also is present in the lattices of the sulfides; no tetrahedrite-tennantite
have been seen in the deposit. To some extent, 1ithology controls the
mineralization in that chalcocite and bornite are concentrated in the more
shaly rocks. The intensity of mineralization, however, is directly connected
to the degree of rock deformation with the ore body occurring in a steeply
dipping zone related to a flexure in the north-dipping beds. This ore zone
has been followed from east to west for more than 600 m and down for 250 m;
the ore zone is as much as 30 m wide.

Another copper-silver prospect has been located in County Cork, 6.5 km
north of the town of Mallow, in an area where no mining had been carried out
prior to the 1950s. This deposit lies at about the southern margin of the
Central plain and is contained in basal Carboniferous limestones; the rocks
overlie the sequence of 01d Red sandstone rocks and are on the northern
flank of the Kilmaclenine anticline. Here, the 01d Red rocks are made up of
interbedded red beds, shales, and quartzitic sandstones. In turn, the basal
carbonate rocks are covered by the Transition beds that include shales, sand-
stones, and calcareous sandstones that are from 36 to 45 m thick; next above
are the Lower Limestone shales (shaly and oolitic calcarenites, 37 to 50 m
thick); next the Ballyvergin shale only 1.0 to 1.2 m thick; followed by the
Tullacondra limestone, 35 m thick, and the Kilmaclenie limestone {60 m thick)
and composed of pale massive calcarenite. All of these beds above the 01d
Red are Tournaisian, older than most of the mineralized beds in the mines
of the Central Plain. Mineralization is found from the Transition beds
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through the Tullacondra limestone. In the surrounding area, the ENE-trending
Kilmaclenine anticline is the principal structure, and it is cut by thrust
faults parallel to its axis and by later north-south dip-slip faults - these
structures all are Hercynian in age.

Despite earlier unsatisfactory exploration efforts in the Mallow area,

a major program in 1972 found more or less coincident geochemical and geo-
physical anomalies. in that region. On the surface, weakly disseminated
chalcopyrite (0.18% Cu) was found in the steeply dipping basal Carboniferous
limestones. Later diamond drilling showed a body of about 4 million tons
that contains 0.7 per cent copper with about 20 grams to the ton of silver;
of these 4 million tons, a continuous block of about 1 million tons has a
grade of about 1.0 per cent copper.

The Mallow mineralization has been followed along the strike for about
380 m and, from the sub-outcrop, has been followed downward for 150 m. The
ore minerals are chalcopyrite, bornite, chalcocite, and tennantite; these
are as fine disseminations and veinlets in zones parallel to the bedding,
normally in shales and shaly limestones. The mineralization also occurs in
narrow, nearly vertical calcite-filled vein systems. A northerly trending
normal fault cuts off the western end of the deposit. It would appear that
the deposit is not economic under present economic and technological con-
ditions.

In County Westmeath, 105 km west of Dublin, a lead-zinc deposit
(called Ballinalack) is 23 km northwest of Mullingar, on the road from that
town to Longford; it is some 15 km slightly north of east from Keel. The
area has no previous history of mining but was found by a considerable pro-
gram of exploration carried out by Syn-gen-ore Explorations, Ltd. The first
clue to the possibility of ore in the area appears to have been some pyrite-
bearing boulders excavated from adjacent drainage ditches. In 1969, however,
reconnaissance and then detailed geochemical soil surveys confirmed base-
metal anomalies in the 3 to 20 m cover of glacial till. Later induced
polarization studies produced other anomalies that were not in the same
locations as the geochemical ones. Drilling on the IP anomalies was useless,
but such work on the geochemically favorable areas cut the shallow-1lying
sub-outcrop of the mineralized area. Further drilling outlined the main
mineralized zones down to 275 m. Unofficially, the deposit may contain as
much as a few million tons of a combined grade of about 8 per cent in lead
and zinc.

The lower Carboniferous limestones, shales, and sandstones that contain
the mineralized bodies are unconformable on the lower Paleozoic basement, the
uppermost rocks of which probably are Silurian. The stratigraphic sequence
above the Silurian basement consists, from bottom to top, of lower and upper
Mixed beds, Tower Bioclastic limestone, and Reef limestone, the last marking
the uppermost Tournaisian. The Visean above is made up of the upper Bio-
clastic limestone, Calp limestone, and Lough Derravaragh cherts.

The Tower Paleozoic shales are strongly folded. The Tower Carboniferous
beds that are hosts to the ore are gently folded by post-depositional
Hercynian deformation with the main structure being a north-south fault with
a maximum vertical displacement of more than 180 m. This fault may have
been active during the deposition of the Reef limestone; this concept has
been put forward for some of the other Central Plain deposits but is not
firmly proved for them. The ore mineralization is located on the down-throw
side of the fault, and there seem to be no good reasons to assume that it did
not do much to control the location of the mineralization.

The deposit is in somewhat diffuse lenses that are strata-bound within
the Reef limestone. The main ore minerals are sphalerite and pyrite with
some lesser fine-grained galena; the gangue minerals are barite, calcite,
and dolomite. These minerals fill fractures and cavities in the Reef rocks
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and in places replace that bed. This much evidence indicates that the ores,
though strata-bound, are epigenetic to the bed that contains them.

The six deposits of the Central Irish Plain (Ballinalack, Mallow,
Aherlow, Keel, Ballyvergin, and Abbeytown) that have been briefly described
here have been so cursorily treated because: (1) the lack of Titerature
about them does not permit them to be covered at the Jength that is made
possible for Silvermines and Tynagh by the extensive studies that have been
published about them and (2) because none of the six is of present economic
importance. There remain two mines in the Central Plain that would be worth
describing at length if the Titerature about them were sufficiently
abundant and specific. These two are Navan and Gortdrum. The Jack of
printed material about Navan is largely due to legal problems that have con-
strained Tara Exploration and Development Ltd. from permitting much inform-
ation to reach the scientific journals. The paucity of the printed papers
about Gortdrum appear to be due mainly to its short productive Tife. They
will be described below in such detail as it is possible to obtain.

The Gortdrum mine is Jocated in County Tipperary, 5 km north of the town
of that name (52°29'N, 8°10'W) and about 15 km nearly due north of Aherlow.
In this area covered by 3 to 6 m of drift, the underlying bed rock is under-
Tain by a gently folded series of lower Carboniferous limestones and shales
that have been appreciably faulted. Before the discovery of the ore body,
the surface expression was a low hill in which a quarry showed small
quantities of copper sulfides (0.7 to 0.5 per cent copper). The underlying
ore body was found by geochemical and geophysical prospecting by a subsidiary
of Horthgate Exploration, Ltd. The ore body is contained on the south limb
of the east-trending Pallas syncline and is directly east of the Limerick
volcanic basin in which are major amounts of lower Carboniferous (Visean)
volcanics. The ore body is fault-located, this Gortdrum fault being a steep-
dipping, ENE-trending structure that Williams and FcArdle say has trans-
current movement, that is, it is a major strike-slip fault, the fault sur-
face of which is steeply inclined. The result is that the Tournaisian Time-
stone-shale sequence on the north side is downthrown against Devonian
quartzites and thin red beds. The Devonian beds involved are some 270 m
thick; above them lie various lower Carboniferous strata: Transition beds -
30 m; Dark limestone - 21 m; Ballyvergin shale - 3 m; Pale limestone - lower
27 m, middle 110 m, upper 88 m; and Waulsortian Reef Complex - 150 m. The
Tournaisian rocks are conformable on, and grade into, the Devonian beds
beneath. The Waulsortian beds outcrop several kilometers west of the mine as
does the Visean volcanic group farther west.

The mineralization was found to descend to depths of 75 to 150 m, and
it is confined to the Dark and Pale limestones, but these rocks are
irregularly veined and replaced by copper-bearing sulfides. All of the ore
is within 100 m of the Gortdrum fault with the ore nearest the fault having
the highest copper content; the length of the ore along the fault is 600 m,
The ore-enclosing limestones have been considerably altered, being recrystal-
lized, dolomitized, and having veins of carbonate and barite. The ore-
bearing sequence is cut by irregular vertical dikes and networks of fine-
grained intrusive breccias (known as the Buff Alteration Zones). The ore
body, in plan, is in two separate parts, eastern and western; each is a
rough oval, and they are connected by a narrow band of mineralization. The
west half is quite broad but is less than 100 m deep; the east part is
narrower and is 150 m deep. The deeper portion is in a down-faulted wedge
of Dark Timestones in which the copper grade is between 2 and 5 per cent.
The cut-off on the Gortdrum fault footwall is quite sharp, but the hanging
wall of the ore is determined by assays.

The ore is low in pyrite with the Dark Tlimestones having disseminations
of bornite and chalcocite, whereas the overlying Pale limestones are more
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competent and contain thejr ore in stringers and veins of chalcopyrite and
tennantite. The tennantite holds unusually large amounts of mercury, arsenic,
and antimony, but the other, tennantite-free portions of the ore are quite
lacking in these minor elements. Copper sulfides not only replace the 1ime-
stone but also the intrusive breccias. Williams and McArdle contend that

the structural control, the wall-rock alteration, and the replacement
textures show that the ore was emplaced epigenetically. They report that the
temperatures of ore formation probably were less than 200°C, determining this
by the thermal stability of the mercury- and silver-bearing minerals;

this estimate may be somewhat low as the sulfosalt is arsenic-rich tennantite
and not tetrahedrite.

When the drilling at Gortdrum, begun in 1963, was finished in 1966,

3.8 million tons of ore had been blocked out that averaged 1.19 per cent
copper and 23 grams of silver per ton. The ore body was of such shape that
it could be mined by open-pit methods. Concentration commenced in late 1967,
and the concentrates produced were trucked to the port of Limerick and
shipped from there to a Spanish smelter. When production was initiated, the
firm found that metal grade, particularly that of silver, was appreciably
higher than the original estimates, but arsenic and antimony also were higher
than this made the concentrates quite difficult to smelt. The level of
mercury in concentrates produced from certain volumes of the ore also were

so0 unacceptably high that they could not be sold until a mercury roasting-
plant was constructed, and the mercury, partly as cinnabar and partly in
solid solution in the tennantite, was recovered. A total of nearly 7500
flasks of mercury was produced over the 1ife of the mine. Also over the
nearly nine-year life of the mine, the copper concentrates averaged almost
900 grams of silver per ton. In the final year of mining, the copper grade
rose to 2.01 per cent as the deepest benches were extracted. There remain
nearly 650,00 tons of ore with a grade of 1.56 per cent copper that cannot

be extracted by open-pit methods, and the company believes that this grade,
even though arsenic, antimony, and mercury contents are low, is not high
enough to make underground mining profitable.

The ore body at Navan is one of the major zinc-lead deposits of Europe;
it was discovered by Tara Mines, Ltd. in 1970 although no record of mining
within 8 km of the site has been recorded. The deposit is about 45 km north-
west of Dublin, and the surface over the ore body is crossed by the Black-
water River. The property has been divided along this 1ine,and legal pro-
blems as to the exact ownership of the ore body, while not preventing mining
south of the river in the Tara-owned portion where mining is by underground
methods, has delayed, at best, publication of the details of the geology
of the Navan ore. It is planned to mine the ore north of the river (belonging
to Bula Ltd.) by open-pit; by mid-1980 at least, mining had not commenced in
that part of the ore body.

The Navan ore body is located south of the prominent Longford-Down
massif that consists of lower Paleozoic sediments and volcanics; these rocks
were both deformed and cleaved during the Caledonian orogeny. The southern
flank of this massif is overlapped by a sequence of lower Carboniferous sedi-
mentary rocks that dip gently toward the south and southwest. The Carbon-
iferous strata are overlain in the area by outliers of Namurian (immediately
younger than the Visean) shales, and there is an impressive Namurian-Triassic
outlier north of Navan and within the lower Paleozoic massif at Kingscourt
(also an area of minor ore mineralization); this massif is bordered on one
side by a north-south fault, and such faults are common in the area. HNumer-
ous Tertiary dolerite (diabase) dikes and sills are known in the Navan area.

When exploration began at Navan in 1969, it was based on the concept
that the most favorable location for such activity was in lower Carboniferous
limestones near faulted contacts with Devonian and older rocks. Soil samples
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taken in that year around Navan outlined a definite zinc-lead anomaly, and
some poorly mineralized limestone was exposed during this exploration.
Further samples on a tighter grid marked out a southeast-trending area in
which the zinc contents were as much as 25,000 ppm. Induced polarization
studies were made that reinforced the soil-sampling results and defined

more accurately targets for drilling, that began in November of 1970. By
1972, Tara Exploration reported reserves on both sides of the Blackwater
River to be 70,000,000 tons with a grade of 10.9 per cent zinc and 2.63

per cent lead. No mention is made of silver in the galena, which may be
because of legal problems or because Navan appears to be the only one of the
major zinc-lead mines now being, or recently having been, worked in Ireland
(Tynagh, Silvermines) that truly seems to be of the Mississippi-Valley type.
The Bula organization had their property north of the Blackwater examined

by RTZ Consultants, Ltd. and then reported their reserves to be 19.6 million
tons with a grade of 6.7 per cent zinc and 1.2 per cent lead, appreciably
lower grades than those announced by Tara, if they can reasonably be
compared.

The oldest rocks in the Navan stratigraphy (Williams and McArdle, 1978)
are undifferentiated lower Paleozoic beds of unknown thickness that consist
of strongly colored shales and intrusives that are syenite or andesite.
Unconformably above these are the Devonian (perhaps) and Carboniferous
(certainly) Red beds to that up to 50 m thick and are made up of quartz-
pebble conglomerates, red sandstones, and red shales. Over these are the
Tournaisian Laminated beds, some 40 m at a maximum, that are composed of
laminated argillites, argillaceous limestones, siltstones, and sandstones.
The higher the position of these beds in the sequence, the greater will be
the proportion of limestone. The succeeding beds are those of the Muddy
limestone that is composed of bioclastic muds and is about 20 m thick. Next
in the conformable sequence come the Pale beds (the hosts of the ores}); they
are light, sparry calarenites and oolites, plus minor quantities of
argillaceous material. Where the lenses of ore occur, they normally are
surrounded by dolomite, and the ore-gangue also has been dolomitized. The
Tara geologists have found a series of shaly and sandy markers within these
beds. The succeeding Shaly Pale beds consist of shales, argillaceous
calcarenites and oolites with locally calcareous sandstone members. These
beds are found on both sides of the Blackwater. Although generally eroded
from the area of the Navan deposit, Reef limestones are found to the west and
northwest and are made up of typical Waulsortian facies (micrites and bio-
micrites). Over the Reef beds are the Boulder conglomerates. Locally, the
Reef beds overlie the Pale beds south of the river and demonstrate that an
important erosional period affected the Navan region during the lower Carbon-
iferous. These conglomerates are of the polymict limestone type and, in
places, have a shale matrix; they are the youngest Tournaisian rocks in the
area. The oldest rocks of the Visean are the Upper Dark 1imestones in which
thin-bedded calcarenites are interbedded with black shales and graded pebble
conglomerates. The Upper Pale beds are up to 150 m thick. The minor
Tertiary dolerite (diabase) sills (previously mentioned) and dikes cut this
rock sequence.

The local Navan structure is that of an anticline that plunges gently
to the southwest; the anticlinal core is composed of lower Paleozoic rocks.
The Navan ore body is located on the northwest flank of this structure. The
ore-containing Pale beds (andthose Tournaisian rocks associated with them)
dip south and west at 20°; these beds are unconformably overlain by the
Visean rocks. The folding of the Pale (and accompanying) beds is gentle, but
two normal faults (C and B) and one reverse (A), cut the Tournaisian sequence.
These normal faults stop against the unconformity (so thus are pre-Visean);
the reverse fault (A) does penetrate the overlying Visean rocks; it also
cuts through fault B at depth.
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The ore bodies make up a series of stacked lenses in the Pale beds, the
lenses dipping 20°SW. The axial trend of the ore lenses is to the northeast
where the lenses join to form one ore body with a thickness greater than
60 m. Correlation of the various lenses south of the Blackwater has been
greatly simplified by the recognition of the marker beds mentioned above.

On the north side of the river, the best mineralization is contained in a
dolomitized micrite unit at the base of the Pale beds (the Lower ore body);
somewhat higher in the sequence is patchy mineralization known as the Upper
ore body.

Throughout the area of Navan ore development, an irregular envelope of
dolomite surrounds the ore. The major ore minerals are sphalerite and
galena (Zn:Pb = 5:1) lesser quantities of marcasite and even lesser of
pyrite are present; the gangue minerals are dolomite, barite, calcite,
fluorite, and silica. Only traces of silver are in the galena and of cadmium
in the sphalerite. The ore ranges from massive to fine-grained disseminations,
and the sphalerite shows colloform, banded, and crustiform textures, particu-
larly where it is accompanied by pyrite and galena. The lesser amounts of
galena occur as small dispersed grains with sphalerite. Pyrite and marcasite
usually have banded structures, but these minerals may be in free grains in
or with sphalerite. In the sections of massive sulfides banded and colloform
textures can be seen; these sulfides may have been brecciated and cemented by
later sulfides. In the sections that contain disseminated sulfides, the ore
is in narrow ramifying veinlets (Williams and McArdle, 1978).

Williams and McArdle (1978), whose work is practically all that is in
print in regard to the Navan, think that too Tittle is known about the deposit
to reach a firm conclusion as to how it was formed, say that they have had no
opportunity to examine large exposures of the ore body. They do point out,
however, drill-core studies have given reason to support both syngenetic and
epigenetic concepts of ore genesis. It is certain that the ore is strata-
bound in that it is all contained in the Pale beds and that the fine-grained
sulfides, located in brecciated bands, do not appear to have been fed through
entry channels as an epigenetic mode of genesis would require. These factors
argue in favor of syngenetic manner of emplacement. On the contrary, the
intensity of mineralization and its marked change in character from one side
of a fault to another, the envelope of dolomite surrounding the ore, and the
numerous ramifying veinlets of ore sulfides all point to epigenetic emplace-
ment of the ore and gangue minerals. After the IGC in Paris, I visited the
Navan mine and am still not in a position to be dogmatic about how its ore
was emplaced. I refer the reader to the appended Table I in this discussion
that shows that I am convinced that all other Irish base-metal deposits in the
Central Plain were epigenetically introduced into the rocks in which they now
are contained. This is hardly evidence, since at least two of those listed
in that table (Silvermines and Tynagh) have been firmly classed as syngenetic
by several workers who have studied in each in detail. From my visits to
each of these three mines (Navan, Silvermines, and Tynagh), I am convinced
that each is epigenetic. In further support of this last statement, I am as
certain as any ore geologist can be that the other seven deposits in the
appended table are epigenetic. It would, therefore, be surprising if the
three largest (Navan, Silvermines, and Tynagh) would have been syngenetically
emplaced whereas only the small ones were epigenetic. Incidentally, Field
Excursion 087 of the 26th IGC visited Navan, Tynagh, (and Gortdrum), yet the
guide to these deposits has essentially the same discussion of Navan
(translated into French) that was published in Volume I, Northwest Europe of
Mineral Deposits of Europe. Since the Tatter was published in 1978 (and the
included articles written much earlier), it is surprising that the guide to
Navan was not, in any real sense, up-dated from that in Northwest Europe.
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At least five authors (Grieg, and others, 1971; Morrissey, and others,
1971, Taylor and Andrew, 1978, Evans, 1976, and Boast, and others 1981)
have discussed the bearing of sulfur-isotope analyses on the manner of
genesis of the ore deposits of the Central Plain of Ireland. The work of
Greig and his colleagues was done on samples from the Silvermines property,
specifically the Lower G and Upper G ore bodies. The delta-3“S values for
the sulfides range from +4 to -7°/,, in the lower ore body and from -8 to
-35°/,, in the upper one. They observed a pronounced trend in delta-3S
values in that the sulfides become progressively lighter upward along the
Silvermines fault and away from the fault in the stratiform ore of the
Upper G ore body. Barite, which occurs above, and at the far end of, the
stratiform ore body, gives consistently delta-3"S values that all are near
+18°/,,- These authors believe that the trend in delta-3"“S values that they
observed, as well as the presence of barite in the marginal areas of the
Upper G ore body, can best be explained by an increase in pH and Eh of the
hydrothermal fluids through reactions with the host carbonates. They believe
that, as the hydrothermal fluids moved upward and outward away from the
fault, reduced sul fur species (in relation to oxidized ones) became less
abundant and the delta-3“S values of the reduced sulfur became more negative.
On the contrary, the oxidized sulfur species became more abundant and more
positive. These authors achieved similar results from samples taken from
the Tynagh and Gortdrum mines.

Morrissey and his colleagues say that the results on the two G ore zones
at Silvermines are in agreement on the following points: (1) the delta-3“S
values of sulfides in the upper, stratiform ore zone are uniformly negative
and show a wide spread, whereas those in the lower, discordant zone have an
appreciably narrower range and are both positive and negative. Morrissey and
his co-workers remark that Graham (who did a thesis on the Silvermines ore
at the University of Western Ontario but has not otherwise published his
results to my knowledge) explained the coincidence of the delta-3"S values
in barite and those of Carboniferous sea water by assuming that the sulfate
in barite did indeed come from that source whereas Greig and his colleagues
thought that the coincidence of barite sulfate and sea-water sulfate was
just that, the delta-3“S values of the barite sulfate having been the result
of a long series of oxidation reactions on sulfide sulfur as the hydrothermal
ore fluids in which it was contained moved upward through, and outward from,
the Silvermines fault. Greig and his colleagues demonstrated that the
observed levels of enrichment of light and heavy sulfur, respectively, in the
sulfides and barite of the upper zone could have resulted from abiologic
reactions between rock carbonates and hydrothermal solutions with an
initial delta-3*S value of about 0°/,, and a starting temperature of about
250°C. Morrissey and his co-workers believe that Greig's concept is the
more reasonable, particularly when it is applied to Tynagh and Gortdrum as
well because the rocks of these two deposits do not confirm the idea that
large quantities of sulfides had been remobilized in them.

Taylor and Andrew (1978) examined this same evidence, plus an un-
published report by Coomer and Robinson, 1975, and reached rather different
conclusions. These are: (1) that the sulfur came from two sources, lower
Carboniferous sea water and a deep-seated source; (2) that the sulfides in the
Devonian and lower Tournaisian rocks were precipitated from deep-seated
solutions at about 150° to 300°C with delta-3"S in the range of +4 to
-8°/,05 (3) barite in the stratiform and Shallee ore bodies was precipitated
directly from sea water and the sulfur in the pyrite in the stratiform ore
zones was formed by biogenic reduction of sea-water S0,72 during early
diagenesis; and (4) galena and sphalerite generally precipitated later than
barite-pyrite-siderite at temperatures between 120° and 200°C. This last
(4) statement certainly raises more questions than it answers. By impli-
cation, Taylor and Andrew indicate that the metals came in to the Silvermines
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space volumes as chloride complexes; how the deep-seated sulfur got there,
they do not consider. This problem, as it concerns Silvermines in particular,
is considered further in the discussion of that deposit.

Evans (1976) essentially agrees with Greig and his colleagues, accepting
their explanation of why very different values between sulfate and sulfide
sulfur do not require the complicated (and unreal) hypothesis that the sulfur
had two different sources.

Boast and his colleagues (1981) base their study of the stable-isotope
evidence as it bears on the genesis of the Tynagh deposit on the assumption
that the various ore and gangue sulfide/sulfates were deposited syngenetic-
ally. They are convinced, despite the calculations of Greig and his co-
workers, that the sulfate in the Tynagh barite was obtained from sea water
and that the sulfide ions in the various sulfides of their second stage were
produced by bacterial open-system reduction of sea-water sulfate. In their
third stage, however, reduced sulfur from a deep-seated source was mixed
with bacteriogenic sulfide migrating into bank limestones to precipitate
stage 3 sulfides and sulfosalts. All this neglects the point made by
Williams and McArdle that the fossils that are closely associated with the
ore sulfides are normal in size and morphological characteristics; had the
sulfide sulfur been formed by the bacteriogenic reduction of sulfate sulfur,
the fossils would have been stunted and deformed. Yet the entire fossil
assemblage at Tynagh shows every evidence of having been formed under per-
fectly normal conditions. This point is considered at greater length in the
discussion of Tynagh.

That the interpretation put on their sulfide-isotope data by Boast and
his colleagues can be explained in a different manner than they have done
can be seen from a study of the work of Greig and his co-workers. Certainly,
the conclusions of the Boast group cannot be considered as firm as they
believe they are.

Certainly, the genetic story of the ore deposits of the Central Plain
of Ireland is well summarized by Evans (1976). He states truly that the
original interpretation of the manner of formation of these deposits was that
they were of magmatic-hydrothermal origin. This definitely was the thought
of Rhoden on Silvermines, work done before the newer Central-Plain deposits
were discovered. These discoveries occurred shortly after the publication of
Oftedahl's paper (1958) on the volcanic-exhalative manner of ore formation
that attracted instant acceptance by many ore geologists. As the Central-
Plain deposits were largely (see attached table) strata-bound or stratiform,
it was easy to see them as syngenetic with the sediments that enclosed them.
Today, the synsedimentary hypothesis has lost much of its former popularity
[despite the recent (1981) paper of the Boast group] because of the clearly
demonstrated epigenetic character of most of the mineralization in this area.
It no longer seems possible or reasonable to explain every epigenetic
feature by remobilization of syngenetic sulfides, particularly when it is
remembered that the Central-Plain rock suffered only minor deformation and
metamorphism. Further, the Irish deposits are quite similar to those in the
Variscan foreland in Great Britain and northwestern Europe.

Evans emphasizes that the stratiform character of many of the Irish
deposits is due to several factors other than a possible syngenesis of the
sulfides with the primary sedimentary minerals of the rocks in which they
are contained. These are: (1) the permeable nature of arenaceous and
conglomeratic beds intersected by feeder faults, (2) the secondary perme-
ability produced by dolomitization of the originally limestone host rocks,
(3) the ponding of rising ore solutions, and (4) the marked preference of the
ore fluids for certain stratigraphic horizons. Even where such factors did
not obtain, the ore zone is, in some deposits, radically discordant. Further,
to repeat, the normal character of the fossils in the various ore-containing
beds, argues against their having been developed in an environment polluted

RAB-B
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with bacterially generated hydrogen sulfide.

If neither the magmatic-hydrothermal or the synsedimentary hypotheses
are to be accepted, what concept should be? Present day opinion appears
largely to favor the polygenetic hypothesis by which metal-bearing solutions
(the metals in chloride complexes) rise of depths and encounter large volumes
of essentially quiet waters in which hydrogen sulfide is being bacterially
produced, the interaction of these two fluids is presumed to have resulted
in the formation of the ore sulfides. The various difficulties of producing
the rather complex mineralization of several of these Irish deposits by this
method of rapid precipitation are neglected.

These rising fluids with the metals in chloride complexes are assumed
to have obtained their chloride content as they worked their way downward
through the crust of the earth to depths (upwards of 10 km) where they can
have been heated to high-enough temperatures to have picked up metals on
their way up (and perhaps during the latter part of their downward journey).
Also neglected is the apparent shortage (not to say general lack) of
chloride-bearing evaporite beds where the downward moving meteoric waters
could have obtained the huge amounts of chloride ion they need. Surely,

a more reasonable mechanism for the acquisition of the needed chloride ion
would be from crystallizing magmas. Chloride ion is not readily acceptable in
more than a few magmatic minerals, these never are common in igneous rocks.
Thus, any ore fluid of magmatic origin could be expected to contain an
appreciable content of chloride ion (at least 5 per cent) and, if boiling

of the ore fluid occurred, much more. As I have said elsewhere in this
volume, I think that the chloride ions have as much to do with the ore-forming
process as the passengers in an aircraft have on its ability to fly. The
main purpose that the chloride ions have is to supply salt to the sea; a
supply that is kept relatively constant by the precipitation in favorable
localities of evaporite beds.

This brings us to the sulfate ion in the barite. I have approached
this problem in a somewhat different manner than Greig and his colleagues,
but the result, I think, is essentially the same. The sulfate jons that
unite with barium ions to form barite are, in my opinion, the result of the
greater concentration of 3%S than of 32S in the sulfide jon because 3“S is
more readily oxidized than 32S. It probably is not coincidence that the
delta-3"S concentration in the sulfate in ore fluids and in the sulfate of
sea water is essentially the same because much of the sulfate jon in sea
water probably is produced by reactions undergone by sulfide ion in magmato-
hydrothermal ore fluids on their way to the surface. The remainder of the
sulfate ion in the sea comes from the oxidation (in the weathering process)
of sulfide ions in sulfide minerals exposed at the surface. Apparently this
process fractionates the sulfur in much the same way as it is fractionated
by the reactions carried out in the ore fluid. Thus, it is not necessary
to appeal to one (or two) sources for sulfide ion and an entirely different
one for sulfate.

The polygenetic mechanism would obtain the metals for the ore fluid by
leaching them from the wall rock through which it passed on its long journey
from the surface to depths of up to 10 km and back to the surface. VYet,
wherever rocks are exposed from which it is suggested that the metals in the
ore fluids came, they are not found to show any evidence of leaching. The
metals in ore deposits are exactly those that either are largely unacceptable
in silicate minerals (Zn, Pb, Ag, Au, Hg) or are so abundant in the parent
magmas as to have them (Fe, Cu, Mg, Ca) left over for incorporation in the
ore fluid developed in the late stages of magma crystallization. Thus it is
much more simple and much more reasonable for the ore metals to have been
given off from a magma in the late stages of its crystallization than for
them to have been picked up from the rocks through which the mildly heated
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ore fluid has travelled. At the temperatures to which a descending ore fluid
can be heated, particularly one that deposits telethermal type ores, the
chances of that fluid being able to dissolve any appreciable quantity of such
elements is small.

Although the 10 Irish base-metal deposits in the Central Plain (those
included in the preceding table) often have been referred to as Mississippi-
Valley-type deposits, most of them do not fit in that category. In the
first place, only six of the ten deposits listed in the attached table are
zinc-lead or zinc-lead-copper deposits. Secondly, four of those six
certainly are too high in silver to fit into the Mississippi-Valley type, and
the other two (Ballinalack and Keel) probably contain too much silver to have
been deposited within the telethermal temperature range, although the
necessary data are not available to confirm this. Of the four copper de-
posits that do not have enough zinc and lead for the contents of the elements
to be reported (Aherlow, Ballyvergin, Gortdrum, and Mallow), no one is
appreciably rich in copper with Gortdrum (1.25% Cu) being the only one that
was mineable and that to some extent because of its silver and mercury con-
tents. In the mineralization at Silvermines and Tynagh (the two zinc-lead-
copper deposits) (Silvermines certainly was not mineable because of the
copper it contains), the copper minerals do indicate that they were deposited
at temperatures above the telethermal range. Of the zinc-lead deposits in
the Central Plain, only two (Ballinalack and Keel) may be of the Mississippi-
Valley type, but more data are needed before this statement can be confirmed.

As for the age of the deposits, lead-isotope data suggest that they
were deposited over a wide range of ages, but the difficulty of being certain
what lead-isotope data mean as to ages, these suggestions cannot be, as yet,
substantiated. All of the ore bodies are entirely or mainly (Silvermines) in
lower Carboniferous rocks, and their mineralization probably was related to
the Variscan orogeny. They here are classified as Late Paleozoic.

The mineral suites present in those deposits that have been studied in
depth definitely indicate that they were formed at moderate temperatures
(i.e., in the mesothermal to leptothermal ranges) and they are categorized
here as Mesothermal to Leptothermal with the proviso that it may be necessary
to include telethermal in the classification of a few of the deposits, though
not for the three that are disscussed in detail in what immediately follows.

AVOCA, COUNTY WICKLOW

Middle Paleozoic Copper, Pyrites Mesothermal
minor Zinc, Lead
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Notes

The copper-pyrites deposit of Avoca is located in the southeastern part
of County Wicklow near the village of Avoca (52°52'N, 6°13'W); the mine is
slightly over 70 km south of the city of Dublin and is in one of the most
beautiful areas of Ireland. Avoca is only 8 km from the seaport of Arklow
from which location concentrates can readily be shipped abroad.

The valley of the Avoca River is the site of road and rail lines and
follows the major north-south fault that cuts the ore bodies at Avoca into
east and west sections.

Avoca is the only operating mine in the Caledonide terrane of Ireland,
and the mine has been operated intermittently for well over 200 years.
Since 1971, however, the mine has been operated continuously and has pro-
duced in that time over 6.5 million tons of 0.8 per cent copper ore
(Sheppard, 1980). The overall production during the entire history of
mining at Avoca is estimated by Downes and Platt (1978) as 15 million tons
with a grade averaging 1.2 per cent copper. On the contrary, Williams and
McArdle (1978) state definitely that, before World War II, total production
of ore from Avoca (mainly from higher-grade massive sulfides) was nearly 4
million tons. To this must be added the 6.5 million tons reported by
Sheppard to give a total of about 10.5 million tons of ore that should have
had an average grade of appreciably above 1.0 per cent; since, however, no
grade is given for the 4 million tons, no exact average can be calculated.

Despite its more than 200-year history, interest in publishing the
results of such geological studies as have been carried out on the property
has been small until the last less than four years. Of the 10 references
listed in the bibliography for Avoca, eight have been published no earlier
than 1977. This is not to denegrate the contribution of M. V. 0'Brien in
the early 1950s who not only awoke interest in Avoca but also in the lower
Carboniferous limestones of the Central Plain of Ireland where the bulk of
the country's mineral wealth (so far as it now is known) is situated but to
make certain that credit is given where it is due.

In 1955, over two centuries after the first ore had been discovered in out-
crops along the banks of theAvoca River, mininghad been extended for some4 km
along strike. Into this area, exploration teams of the Mianrai Teoranta
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[Mineral Treasure (of Ireland)] examined old workings and carried out
extensive diamond drilling, on the basis of which they estimated that the
ore reserves of the West Avoca area only were 14,000,000 tons of ore that
averaged 1.12 per cent. In 1956, St. Patrick's Copper Mines, Ltd. conducted
further evaluation work and raised the reserve total to 18,700,000 tons of
copper ore at the same grade as the Mianrai Teoranta estimate. [Apparently
the theory being that the good saint may have driven the snakes out of
Ireland but left the ore minerals in place.] This estimate included
5,500,000 tons of near-surface ore in a zone of old workings. The St.
Patrick's staff undertook to mine the near-surface ore first (presumably in
an effort to generate cash flow quickly). Unfortunately, for many reasons,
both projected grade and production goals could not be met. So, after seven
years (in 1962) the mine was closed after recovering 2,850,000 tons of ore
running 0.74 per cent copper, plus a minor amount of pyrite sold as con-
centrates. Toward the end of 1966, a Canadian group began a new set of
evaluation studies that produced an estimate of 6,500,000 tons of copper ore
that assayed 0.89 per cent Cu. The present ownership of the property is
complex, but basically it is Canadian. Under this new management, the first
ore was delivered to the rehabilitated mill in late 1970. At present, two
concentrates are made, the copper concentrate being shipped from the port at
Arklow and the pyrite one being used locally in the production of fertilizer.
Although mining still continues (1980), the estimated 6.5 million tons of
ore have been mined and the grade maintained at 0.8 per cent copper.

As has been discussed (see Ireland - General), the deformed volcanic
rocks of southeast Ireland can be divided into three belts from south to
north: (1) Portrane-Lambay-Donabate-HI11 of Allen-Kildare inlier; (2)
Donard-Baltinglass-Rathdangan-Aughavannagh in southeast Leinster and on to
Borris in County Carlow; and (3) from Tramore in County Waterford to Arklow
in County Wicklow. A subdivision of (3), designated (3a), is a volcanic
tract north of Arklow; the Avoca mines are located in the center of this
tract. The rocks of belt (3) probably form the core of a syncline and (3a)
is in a subsidiary syncline.

In southeast Ireland, the lower Paleozoic rocks appear to have been
deposited on a metamorphosed Precambrian basement. A small area of these
Precambrian rocks is located on the Irish coast just south of Rosslare;
elsewhere, in that part of Ireland between Waterford on the south and
nearly as far as Dublin on the north, the volcanics mentioned in the pre-
ceeding paragraph are included in lower Paleozoic sediments; these volcanics
are of Caradocian [middle to late Ordovician] age. The lower Paleozoic
sediments were derived from a major source to the southeast and were
deposited in a NE-SW oriented trough developed on the metamorphosed sialic
Rosslare complex basement. These lower Paleozoic sediments are referred
to by Platt (1977) as paratectonically metamorphosed rocks [i.e., low-
grade metamorphic rocks (greenschist facies) that have steep cleavages and
are contained in orogenic belts]. The upper Orodovician volcanics in this
part of Ireland followed, after a period of no volcanism, an earlier mafic
to intermediate volcanic activity. The second stage of volcanics was calc-
alkaline and basaltic, andesitic, and rhyolitic in the Waterford area, but
at Avoca, however, the volcanics of this age are rhyolitic. Pointon (1980)
says that this volcanism in the paratectonic Irish Caledonides probably was
of the Andean type and occurred near the margin of the European plate.

According to Pointon, the upper Ordovician volcanism in southeastern
Ireland was directly connected with regional fracturing and the differential
subsidence of small basins and the regional alignment of volcanic centers.
In the Avoca area, a linear control appears to have existed that affected not
only the volcanism but also later tectonic events. This direction is that
of the NE-SW orientation of the local volcanics and is a response to this
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control. The presence, in the Avoca formation, of bodies of massive rhyolite,
either as flows or shallow plugs, is assumed by Pointon to indicate that
thesewere extruded close to the original vents. The NE-SW orientation of the
rhyolites also is followed by later intermediate intrusives and the even later
granite. This same trend governs the orientation of the axes of the regional
synclinal folds in which the volcanics have been protected from erosion.
Pointon is of the opinion that the regional cleavage, that is offset from

this trend by as much as 15°, may have been produced by folding under shear
stress during the Caledonian orogeny.

Williams and McArdle describe the Avoca volcanic belt as a distinctive
unit of the Leinster Caledonides, the belt extending for 30 km from Coraghan
Kinshella Mountain to the coast at Wicklow Head and paralleling the regional
NE-SW cleavage. They consider the volcanics to be Ordovician silicic tuffs
and lavas that have been intruded by minor granite and diorite sheets and
by dolerite [diabase] sills. Within this belt is a distinct band of chlorit-
ized tuffs, in all places less than 300 m wide, that follows the NE-SW trend
for more than 10 km and includes the well-defined zone in which the chalcopy-
rite-pyrite mineralization of Avoca is contained.

Platt (1977) says that the volcanics in the Avoca belt are massive
sheets of felsic eruptives that contain interbedded sediments and pyro-
clastics, the deposition of which occurred under shallow marine conditions.
He says that previous workers have classified the volcanic rocks of the
Avoca belt as calc-alkaline and have considered them as having been formed
in an island-arc setting. He believes this interpretation is compatible with
recent models for the plate-tectonic evolution of the Appalachian-Caledonian
orogen. In this evolution, it is suggested that a southeast-inclined zone
of subduction along the southeast margin of the proto-Atlantic Ocean pro-
duced island-arc volcanism. This volcanism, during Ordovician time, was in
an extensive, complex, and semi-continuous belt along the active southeast
margin of this orogen. The belt developed through what is now the Scandin-
avian peninsula, down through the English Lake district, to southeast
Ireland, Newfoundland, and New Brunswick and into the Appalachian belt of
eastern North America. Paleozoic volcanism was highly developed in this
belt, and it is there that the greatest number of lower Paleozoic deposits
of economic value are to be found.

Platt points out that the geological understanding of the Avoca volcanic
and mineral belt is complicated because the rocks and the ore deposits [that
he thinks were contained in them during their metamorphism] have undergone
several episodes of deformation in which the rocks were brought to the
greenschist facies of low-grade regional metamorphism. The tectonic fabrics
resulting from these processes have in many places effectively concealed or
destroyed the primary mineralogy and volcanic or pyroclastic textures.
According to Platt's interpretation of the literature, the Avoca belt is
localized in a broadly synclinal structure - the Wicklow syncline - that at
present is considered to be a tightly folded recumbent syncline that, in
turn, has been folded into an antiform, the axis of which plunges gently to
the northeast. This results in the outcrop of the structure having a
horseshoe-1ike appearance in which the 1imbs trend NE-SW and the closure is
to the northeast.

Platt reports that the volcanic sequence at Avoca is between 1400 and
2400 m thick. The volcanics are both underlain and overlain by slaty rocks
with some limestones in the footwall of the beds. The rhyolites of the
sequence are calc-alkaline and, at their base, are associated with appreciable
magnetite. The rhyolite layers are rhyolite lavas and breccias overlain by a
wide range of silicified, sericitized, and chloritizied pyroclastics; although
the pyroclastics are schistose, still several varieties - crystal and
'quartz-eye' tuffs and porphyries, lapilli and lithic tuffs, coarse agglomer-
ates and flow and slump breccias - are known. Within these pyroclastics are
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beds of non-volcanic mudstones and carbonaceous sediments; these are most
commonly the lateral stratigraphic equivalents of the ore horizons. These
carbonate sediments are highly dolomitized and carbonized and contain
appreciable Mn-rich carbonate. The environment in which these carbonate beds
were developed is considered to have been a back-arc basin.

From southwest to northeast, the ancient mines of Avoca are: Bally-
murtagh, Ballygahan, Tigroney, Cronebane, Connary, and Kilmaco. The first,
and probably the second of these are located west of a major fault that
separates the Avoca mineralization into West and East Avoca. Only one of
the ancient mines in East Avoca has been mined in recent years - Cronebane.
This ore body was secondarily enriched and was mined in the early stages as
an open-pit for its higher grade. In the West Avoca area, mining has been
confined to the South and Pond lodes. These two mines are located immedi-
ately adjacent and parallel to each other with the South lode being sheet-
like in form in the hanging wall of the Pond lode; both lodes dip to the
southeast and at about 55°. The South lode, therefore, is actually to the
south of the Pond lode. The western edge of the South lode plunges south-
west at 30° and the eastern limit plunges at 60°, also to the southwest; the
lode has been traced to a depth of 300 m and is about 20 m wide. It has been
followed along strike for 1000 m and is concordant with the regional cleavage,
55°SE. The ore minerals are chalcopyrite and pyrite that are disseminated
in quartz-chlorite schists that were silicic tuffs before their deformation
and alteration. Veins of quartz that contain coarse stringers of sulfides
cut through the altered volcanics; the accepted theory of the origin of the
ores by volcanic syngenesis requires that these veins were the result of
remobilization. The grade of the ore normally is below 0.8 per cent copper.
The competent rocks in the hanging wall are unmineralized quartz-chlorite
schists, whereas the footwall rocks are composed of less competent sericitic
tuffs; these tuffs separate the South lode from the Pond lode.

The Pond lode also is a sheet-like body that is 6 m wide (and is
parallel to, and in the footwall of, the South lode). It differs a great
deal from the South lode, being composed of massive sulfides as alternating
bands of chalcopyrite and pyrite; its grade usually is about 1.15 per cent
copper. The contact tetween the ore and the footwall rocks is determined
by assay with the massive sulfides gradually changing to disseminated ore
minerals; as this process took place, the grade away from the massive sul-
fides dropped until the rock no longer is mineable. As the ore is followed
downward, the proportion of massive to disseminated ore decreases; the
disseminated ore is best developed at the southwestern end of the ore body .
The hanging wall of the Pond lode is delimited by a narrow zone of friable
graphitic schist, overlain by normally competent sericitic tuffs. The Pond
lode has been followed along the regional strike for more than 750 m; its
depth is about 750 m also. The dip of this lode is 55°SE and, at both ends,
it plunges at 30°SW. At its northern end, it outcrops over a considerable
area.

The South lode was mined underground by longhole open stoping, whereas
the outcrop area of the Pond lode was mined from an open-pit in which
selective mining kept the grade at about 0.88 per cent copper. The surface
volumes of the South lode were mined long ago, and these have been kept
separate from the underground workings by a major crown pillar. The under-
ground (and main) mining of the Pond lode was first by cut-and-fill methods
that later were changed to sublevel caving.

The Cronebane mine is at a highter elevation than those west of the
Avoca fault; it is in the East Avoca area and is about 1.5 km from the mill.
This ore body also follows the regional strike and extends for about 600 m
in total distance. The Cronebane ore is in two zones: (1) a near-surface
one composed of secondary plastic clays in which the grade ran 1.63 per cent
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copper and (2) a deeper zone of primary disseminated sulfides in which the
grade is about 0.65 per cent copper. In the secondary ores, the higher grade
was produced by the developemnt of chalcocite and covellite from the chalcopy-
rite; primary pyrite and sphalerite remain largely unaffected by the near-
surface processes; the primary ores are made up of pyrite and chalcopyrite
with quite minor sphalerite and galena. The secondary ore was concentrated
in a boat-shaped body that grades sideward and downward into the primary ore.
The rock containing the primary ore is competent chloritic tuffs of much the
same character as those associated with the South lode; such tuffs also make
up the footwall of this ore body. The hanging wall is composed of decomposed
rhyolites.

Production at Cronebane began in 1971 with the easily mined but
difficultly concentratable secondary ore (a separate mill had to be con-
structed to handle it). From late 1971 until 1973, this secondary ore was
the only type mined at Cronebane. Gradually a transition was made from the
mining of the secondary ore to that of the primary; by 1974 all mining was
done by conventional cut-and-blast methods. The pit, however, was closed in
1975 because, with the low-grade primary ore, profitable grade ore could not
be recovered. The entire production from Cronebane was nearly 575,000 tons
with a grade of 1.41 copper, 0.97 per cent lead, and 1.43 per cent zinc.

Platt (1977) quotes Sangster as defining two types of ore as typical
of volcanogenic ore deposits: (1) massive sulfide ore that is markedly
conformable with the rocks that surround it and (2) stringer or disseminated
ore that cuts across the stratigraphic column. Both types of ore, Platt
reports, are known and mined at Avoca, and these he considers are comparable
to two of the Kuroko types: (1) Oko or yellow ore, normally massive
cupriferous pyrite, and (2) Keiko or siliceous ore, composed of cupriferous,
silica-rich ore that is either in disseminated bodies or in stockwork
veinlets. These two types should be described in more detail. Type (1) at
Avoca is broken down by Platt (1977) into two subcategories, these are:

(a) chalcopyrite-pyrite ore with minor galena and sphalerite that is described
as having a banded, sedimentary appearance with the host rock being a fine-
grained and chloritized and possibly slightly carbonaceous tuff. Layers of
sulfides are separated, in many places, by appreciable distances of altered
host rock; the total sulfide content may be no more than 15 to 20 per cent of
the total of the whole rock, and (b) dense, fine-grained pyritic lead-zinc-
copper ore with associated silver-bearing sulfosalts. This type (b) may
include more than 90 per cent of total sulfides with the highest contents

of lead and zinc being near the hanging wall. Platt points out that sedi-
mentary textures are difficult to recognize in hand specimens of this type

of ore.

The massive sulfides of both types have appreciable carbonate mineral-
ization developed both laterally from the ore and in its hanging wall. The
carbonate usually is nodular or oolitic dolomite. Platt thinks that both
kinds of massive sulfide ore are [in the Pickwickian sense] integral parts
of a single composite massive-sulfide ore body. The massive sulfide ore
bodies have sharp contacts with the country rock, most especially in the
hanging wall.

Of the two types, type (a) is stratigraphically above type (b), and the
maximum thickness of both types (plus their included country rock) is about
21 or 22 m with the long dimensions of the ore bodies being parallel to the
bedding planes of the country rock.

As for type (2) (stringer) ore, it lies under the massive type, and it
(type 2) seldom has more than 20 per cent sulfides included in it. These
stringer ore bodies at Avoca are located within the pile of major chloritized
pyroclastics and are close to, or in contact with, the overlying massive
sulfide ores. These stringer ores are made up of ramifying and braided
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veinlets of quartz and sulfides that cut across the bedded volcanics for many
tens of meters. In the upper part of the stringer ore, the change to massive
type (1) ore is quite sudden; this relationship is in stark contrast to the
diffuse and gradational contacts of the stringer ore in its pipe-like bodies
with the altered rocks beside and below them. Where the stringer ore has not
been tectonically deformed, the pipes are cylindrical or funnel-shaped; these
pipes or funnels have caps of massive sulfides that finger out laterally into
carbonate-rich beds.

Features that are common to both types of deposits [(1) and (2)] are:
(1) carbonate-rich gangues that, in many places, are dolomitic or manganifer-
ous and are associated with shaly tuffs and carbonaceous shales; (2) intro-
duction into a general area of felsic volcanic rocks of the calc-alkaline
type - only locally are these interbedded with basaltic beds; (3) obvious
emplacement in a volcanic pile that was generated by explosive volcanism
related to dome-shaped centers - locally these volcanics may have been ex-
truded subaerially; (4) association of the volcanic series with the pre-
valent clastic sediments; (5) occurrence of the massive sulfides in clastic
sediments near volcanic rocks rather than in the volcanic rocks proper;
and (6) compositional zoning of the ore bodies as the stratigraphic sequence
is followed upward or downward - Pb/Zn decreasing downward and Cu decreasing
upward.

Platt believes that ore bodies in such arrangements tend to be located
in provinces or clusters, and at least two such units occur in the Avoca
area (West Avoca and Cronebane). If Pb-Zn-Cu ore should be discovered in
West Avoca, Platt believes that this would have important consequences for
mineral exploration in the Caledonides of southeast Ireland.

Platt thinks that the designation of Avoca as a "copper" mine is what
he calls an accident of history; recent detailed examination of the deposit,
particularly on the east side of the Avoca fault, has shown that it is poly-
rather than mono-metallic and that it bears more resemblance to the
Kuroko-type ores than it would have been thought possible before the 1970s.
Platt says that the deposit clearly was produced by volcanogenic processes.
This well may be true, but it would be more accurate to say, until more
evidence is in, that it is a deposit that certainly was formed in an area
where volcanic porcesses were strongly developed and that almost certainly
was derived from fluids given off by the same magma chamber that produced the
silicic volcanics with which it is so closely associated in space and time.
Exploration for other deposits such as Avoca in the Caledonides of south-
eastern Ireland (or anywhere else in the world for that matter) should seek
for geologic environments similar to that surrounding the Avoca ore bodies.
Exploratory work should not attempt to apply a single theory of formation for
Avoca and any other deposit that may be similar to it in stratigraphy,
structure, ore minerals, associated alteration, ore body characteristics in
relation to the mineralogy, and structure of its host rocks. This applies no
matter at what stage in the development cycle of the totality of the rock and
ore sequence the ore may have been introduced.

The major point of difference between the authors listed in the
references for Avoca and me is that I believe it possible that the ores were
introduced into the sequence of structurally and mineralogically altered
rhyolitic rocks after those rocks had been lithified and not either syn-
genetically or diagenetically. I think the same about the Kuroko deposits
that T have had a greater amount of time to examine than I did those at
Avoca. On the basis of these, admittedly cursory examinations, I am con-
vinced that the evidence exhibited by the rocks in both areas does not
eliminate the possibility that the ores were emplaced at a considerable
period of time after the ore had been lithified and, at least to some extent
in the case of Avoca, metamorphosed. It is true that the rocks at Avoca

RAB-B*
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that contain the ores show some evidence that slumping occurred at some time
during their geologic history, but this slumping has not been fully demon-
strated to have occurred after the ores had been introduced. It is further
generally agreed that the veins and veinlets of sulfides that cut the massive
ore in the various Avoca ore bodies were the result of remobilization, yet
no evidence has been put forward to show that such a process affected the
Avoca ores or, if it did, how it managed to dissolve ore minerals in one
place and redeposit them in another only a few meters or even centimeters
away. Perhaps these authors believe that the minerals in these veins moved
into position by plastic flow. These points will be discussed further after
considerations of Platt's volcanogenic model and of Wheatly's ideas on ore
mineral fabrics in the Avoca polymetallic ores (1978).

Platt's volcanogenic model is quite straightforward. The ores entered
the area through a stockwork feeder or pipe-like body that cut through the
local rhyolitic volcanics and volcaniclastics while they were still essenti-
ally horizontal. This feeder pipe was capped on the sea floor by massive
sulfides deposited there at the same time essentially as the rhyolitic
material was being extruded, from other vent(s) on the sea floor. Thus, the
ores are interbedded with rhyolitic materials in their various forms in
proportions dependent on the amounts of rock and ore materials being supplied
to the area during the time when the ores were being introduced. Thus, as
Platt points out, the massive sulfide body tongues laterally into clastic,
carbonate-rich basinal rocks and itself is capped by shale and fine-grained
volcanic sediments. In addition to the introduction of rhyolite and ore
minerals, the normal processes of sedimentation supplied clasts and dis-
solved materials from the surrounding surface areas. The rocks of the pipe
and of the pyroclastics containing the ores were silicified and chloritized
by presumably the same solutions from which the ores were deposited. The
brecciation of the basal rhyolite sheet of the volcanic pile probably occurred
before the ores were introduced so that the breccia fragments now are
cemented by sulfides, mainly massive pyrite. Of course, it remains possible
that these breccias were cemented by remobilized massive sulfides long after
their original deposition on the sea floor.

A considerable objection to the efficacy of Platt's model stems from
data that I published in 1973. The presence of exsolution blebs of chalcopy-
rite in sphalerite and at grain boundaries strongly suggests that the
sphalerite was emplaced at temperatures at least above 300°C and probably
considerably higher (Wheatley 1978). Further, the diagram in Platt (1977,
Fig. 3) and the rocks that were deposited concurrently with the volcanics
indicate that the depth of the sea at the time of ore emplacement (granted
the ore was poured out on the sea floor) almost certainly was not more than
300 m (1000 feet approximately). From these data of mine, it follows
(Ridge, 1973, Table 2) that the ore fluid (assuming the NaCl content to have
been 20 per cent) would have boiled at a depth of at least 100 m below the
sea floor. This would have resulted in the deposition of a variety of copper,
lead, and zinc chlorides (assuming that the commonly made assumption that
the metals were being transported in chloride complexes) 100 m at least
beneath the sea floor. No evidence of any such depositon of metal chlorides
in such locations has been reported for Avoca (or any other Irish base-metal
deposit). On the contrary, the depths of deposition in the East Pacific
Rise or the Kuroko area appear to be measured in 1000s of meters, so it is
unreal to attempt to compare the processes of formation of the shallow-depth
Irish deposits (granted again that they were syngenetic in deposition) with
such deposits as those of the Pacific Rise or the Kuroko Sea.

It appears extremely unlikely to me that, granted the Avoca ores were
deposited syngenetically on the sea floor, metamorphism could have taken
sphalerite deposited at temperatures low enough for the ore fluids to have
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resisted boiling and added enough chalcopyrite to that mineral that, on
cooling after metamorphism, chalcopyrite would have exsolved from the
sphalerite. Since Wheatly does not show plates of chalcopyrite from which
the presence or absence of sphalerite blebs can be judged, conclusions can-
not be drawn as to the temperature of deposition of the chalcopyrite,
although it probably was quite comparable to that of sphalerite.

Also, it is apparent from Wheatley's plates that the metamorphism to
which the Avoca ore minerals were subjected was minimal. Wheatley seems to
consider that one result of metamorphism, was the development of porphyro-
blastic undeformed sphalerite in sericite schist, this sphalerite in places
being associated with galena in 'pressure fringes'. To him this illustrates
the ductility contrast between the two sulfides. In ores where the primary
textures of pyrite are almost certainly unchanged from their original shapes,
it seems unreasonable that the crystals of sphalerite in sericite should be
considered as porphyroblasts when they could as easily be classed as re-
placement structures around which minor amounts of galena had been deposited
subsequent to the emplacementof the sphalerite crystals.

Recent work by National Oceanic and Atmospheric Administration (NOAA)
geologists, working under Alexander Malahoff, have discovered in the East
Pacific Rise area huge deposits of copper sulfides containing appreciable
silver (and probably lead and zinc). Malahoff reports that these sulfides
are on the sea floor and surround old volcanic vents, but these deposits
lie at depths of over 2500 m, so the conditions of their deposition cannot
be compared with those of the shallow-water conditions obtaining in the
lower Carboniferous Irish seas. Further, just what will happen to these
East Pacific Rise deposits with the passage of an appreciable span of geo-
logic time? Present opinion, in France at least as expressed verbally at
the 26th IGC in Paris in 1980, holds that, if sulfides reach the sea floor
(as of course they could at Pacific Rise depths) they would be so thoroughly
oxidized in a geologically short period of time that they would never be
incorporated as such in a permanent stratigraphic record. Also, it would
seem to follow that sulfides pouring out of volcanic vents as "sulfide
smoke" hardly could have acquired their sulfur from the sea water they met
on leaving their vents. This is particularly true since these sulfides
appear to have been such before they left the vents and must have had their
sulfur with them when they were formed at some measureable depth beneath the
sea floor. The current explanation of such a situation would be that sea
water, moving beneath the sea floor would have had their sea-water sulfate
reduced to $S™2, and these sulfide ions would have reacted with the metal-
chloride complexes to produce the sulfides in the "sulfide smoke". No one
can deny the presence of the chlorides in the ore fluids (either beneath the
sea floor or beneath land masses as well), but I still contend (as I did in
1973) that the chlorides are just along for the ride and have no more to do
with the ores being formed than the passengers in an airplane have with
keeping that aircraft in flight. The weakest point in the theory that pro-
duces sulfide ore bodies from volcanic exhalations is the lack of a theo-
retically sound mechanism for producing enough sulfide ion by the reduction
of sea-water sulfate to provide all the sulfur needed for the sulfides em-
placed in the ore bodies in the short period of time available. Further,
the problem (even if bacteria in sea water can work in a most efficient
manner at elevated temperatures) still is real as to how to produce all the
sulfide ion needed as fast as it is required when such ore fluids are in-
vading solid rock where no sea-dwelling bacteria can be expected be be
present. In short, the cancept of the metals in sulfide ore deposits having
been transported as metal-sulfide (or bi-sulfide) complexes and having been
deposited as sulfides and sulfosalts is most reasonably explained by these
complexes reacting among themselves and with available uncomplexed metal ions
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to produce the typical sulfide-mineral suites of the various types of sulfide
ore deposits throughout the world. This applies whether the ore deposits
were formed in rocks beneath the sea floor or within rocks not covered by

sea water at the time of ore emplacement.

Wheatley's paper on the ore mineral fabrics at Avoca raises a number of
points. The first of these is that the primary colloform, melnikovitic, and
zoned crystalline pyrite indicate that the pyrite probably formed in pore
waters in the sediments. This suggests some degree of lithification in these
sediments; if this assumption is correct, then the pyrite was emplaced at an
appreciable time after the rocks containing it, long enough for the stability
of the pores to have been established. As a second conclusion, Wheatly thinks
that the minor carbonaceous horizons in the Avoca sediments at times produced
reducing environments at the sediment-water interfaces, and in such positions,
aqueous ionic sulfur [S~2?] could have been produced through bacterial
reduction of sea-water sulfate. This sulfide ion reacted with ferrous ions
[from iron-chloride complexes (?)] to produce framboidal pyrite. [Why such
conditions would have been particularly effective in producing framboids is
not explained.] If pyrite was so produced, the dominant available sulfide
ion must have been S,-2 and not S™2, which means that the reduction did not
proceed as far as S-2. Wheatley admits that the siliceous stockworks strati-
graphically below the pyrite-rich zones do not contain appreciable colloform
pyrite, that they are demonstrably epigenetic, and that they probably formed
from chloride-rich, metal-laden hydrothermal brines. He does not say where
the sulfur in this pyrite came from. As a correlary point, he says that
porosity increases in the basal area of these pyritic zones and that this
may have resulted from leaching by circulating pore waters following pyrite
formation. Wheatley claims that these pore waters would have been appreci-
ably acidic in a sulfide-rich environment [presumably this sulfide ion
concentration was developed from sea-water sulfates although why waters rich
in sulfide ion should have been more acidic than ones rich in sulfate ion
is not clear]. He goes on to say, however, that these pore waters, on mixing
with hydrothermal brines, would have been highly corrosive of primary pyrite.
[This seems to suggest that Wheatley believes that the primary pyrite was
definitely older than the copper, lead, and zinc sulfides that presumably
were deposited from these hydrothermal brines. Yet the pyrite can only have
come from iron brought into the system by an earlier stage (?) of these same
hydrothermal brines.] He is of the opinion that this corrosion of pyrite
caused a rapid increase of reduced sulfur species [I suppose he means that
the S,72 of the pyrite was reduced to the S-2 needed to form the lead, zinc,
and copper sulfides. [Though how the rather complex Cu-Fe-S chalcopyrite was
produced by this process does not seem clear.] He makes the statement that
"effects of fluid mixing [by which I suppose he means the mixing of hydro-
thermal brines with pore water], coupled with decrease in temperature and
pressure [why, with greater depth, should the hydrothermal brines decrease
in temperature?] gave stockwork zones at lower levels." He considers that
"corroded, unzoned crystalline pyrite indicates ore deposition in the
presence of a corrosive medium; possibly chloride-rich." Wheatley discusses
the ore mineral fabrics under three headings: (1) pyrite zones; (2) silic-
eous zones; and (3) lead-zinc zones.

In the discussion of the fabrics in pyrite zones, he states that a
complete gradation exists between massive and disseminated pyrite [as has
already been said] and that massive seams consist of euhedral to subhedral
crystals aggregates (0.1 to 1.5 mm grain size) these crystal aggregates
are seen normally only after etching. Zoning is developed almost everywhere;
subgrain zone boundaries have lesser hardness and etch preferentially.
Colloform textures are common, especially in the upper levels where they
occur in conjunction with botryoidal and reniform types. Wheatley accepts
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the pyrite morphology as a primary feature so, where truncations of crystal
outlines or core or zone boundaries are noted, he considers that they re-
sulted from replacement. Brecciation of pyrite took place only where the
pyrite is adjacent to slickensides. Melnikovite [which Fleischer says is
greigite - FeZFegsu -] reacts strongly to weathering and can be distinguished
by its brown color. The chalcopyrite in pyrite zones is present as an inter-
stitial cement for pyrite grains and aggregates and fills pore spaces.
Wheatley says that chalcopyrite"is more ductile than pyrite" [although what
this has to do with its emplacement, I do no see since it does not seem to
have been moved by plastic flow]. Chalcopyrite is concentrated in siliceous
zones relative to pyrite ones. Sphalerite is interstitial to pyrite grains,
filling open spaces and replacing zoned pyrite crystals. Wheatley thinks
that the larger sphalerite crystals in the sericite schist are porphyroblasts
[as has already been stated] and galena fringes these crystals, demonstrating
[to Wheatley] that the galena is more ductile [this has been commented on
above]. Wheatley holds that metamorphism and deformation [apparently at
Avoca] cause galena to migrate into volumes of low pressure or zones of
dilation and to replace other major primary minerals. [Of course, such
relationships can be interpreted as the results of later deposition of galena
than of pyrite and sphalerite; the lack of other major evidences of impressive
deformation suggests that metamorphism is not responsible for the development
of galena as just described.]

In the siliceous zones pyrite is disseminated in a siliceous-chlorite
matrix with its grain size depending on the degree of aggregation. Pyrite
crystals may be embayed by gangue minerals or other sulfides, almost
certainly as the result of replacement. Mechanical deformation appears to be
confined to slickensides. Wheatley says that more ductile chalcopyrite takes
up the bulk of the strains so produced by glide twinning and recrystallizing.
Because of the minor amounts of chalcopyrite in the ore in relation to pyrite,
the amount of strain to be so taken up does not suggest major metamorphism.
Chalcopyrite, sphalerite, and galena show fabrics similar to those of pyrite
but are enclosed in a siliceous matrix.

In the lead-zinc zones, pyrite provides a fine-grained, banded matrix
to sphalerite and galena; replacement of pyrite by sphalerite is common.
Where pyrite is weathered, colloform textures are important, but radiating,
reniform, and botryoidal and worm-1ike and atoll structures are known in the
pyrite. Wheatley explains fringes of sphalerite or galena around pyrite as
being due to their greater ductility. [Such textures also may have been
produced by later deposition.] The textures of chalcopyrite, sphalerite,
and galena correlate with those of pyrite.

Wheatley argues that the textures of pyrite indicate growth at less than
100°C in an environment in which pH was low and the solution supersaturated
with iron. The material in which the pyrite is contained shows lateral
continuity and the fabrics show no evidence of slumping. The pyrite does not
appear to have been moved by bottom currents, and the pyrite grains show no
abrasive effects. Wheatley also says that no suitable site for pyrite de-
position existed above the sediment-water interface. He thinks that the
zoned growth of the pyrite crystals argues for slow growth and changes in the
composition of the fluid medium; this he considers is compatible with sedi-
ment pore waters. [Such development also probably is compatible with pyrite
introduced by replacement of the already present gangue minerals.] There is
no question but that the ores were deposited in a volcanic environment, the
only question being were the ores emplaced during the deposition of the en-
closing sediments or after they had been essentially lithified? Wheatley
insists that the non-ferrous sulfides were deposited by reaction between
metal-chloride-rich brines and zoned and colloform pyrite. This may be true,
but this means that all the sulfur must have come from pyrite and that the
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sulfur-isotope characteristics of the pyrite sulfur would have determined by
the isotope ratios of the pyrite and would tell nothing about where the
metals came from.

As is the case with the Silvermines deposits, I am convinced that the
ore minerals were emplaced after the lithification of the enclosing sediments,
that these were appreciably altered, mainly to sericite, before and during
the period of ore emplacement, and that the temperature of emplacement of the
non-ferrous-metal sulfides was above 300°C as is shown by the exsolution
textures of chalcopyrite in sphalerite. The emplacement temperature of the
pyrite may have been considerably lower, although this has not been
convincingly demonstrated.

I think, therefore, that theores were introduced largely by replacement
under mesothermal conditions in middle Paleozoic time, that is, in connection
with the volcanism associated with the Caledonian orogeny. The ore fluids
(of whatever composition they may have been) undoubtedly came from the same
source as the volcanic rocks with which the ores at Avoca are interbedded.

SILVERMINES, COUNTY TIPPERARY
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Leptothermal
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The known ore occurrences in the Silvermines district lie in an east-
west-trending belt that runs from Silvermines village (52°48'N, 8°4'E) on the
east as far as the abandonned Shallee mine on the west, a distance of about
3.5 km. Silvermines village is in the northern part of County Tipperary and
is 8 km south of the town of Nenagh and 30 km northeast of the city of
Limerick. The mines are located on the northern slopes of the Silvermines
Mountains, and the crest of these mountains is some 375 m above the valley
of the Kilmastulla River, a small tributary flowing more or less southwest
to the Shannon.

In 1645, a report was circulated that described the discovery of a lead
mine in the Silvermines area some 40 years previously. The "ora" was said
to contain three pounds of silver to each "tun", but tun of what was not
stated. Some mercury also was said to have been recovered, but no other by-
product was mentioned. Early in the 19th century, a geologist named Weaver
described four vertical north-south veins in the 0ld Red Sandstone at the
Shallee mine (at the far west end of the present district). Weaver was
convinced that these veins were formed by segregation that took place con-
temporaneously with the sedimentation.

The first real peak in mining activity occurred during the 1860s with
lead and silver from the galena, zinc from hemimorphite [Zn,Si,0,(0H),-H,0],
and copper from (possibly) chalcopyrite. By 1870, competition from foreign
lead and zinc forced the mines to close. Not until 1917 did exploration
recommence and then only on a minor scale. Some mining of galena and
sphalerite was undertaken between 1949 and 1952; exploitation of oxidized
zinc ore was unsuccessful. Still further exploration between 1952 and 1957
(results reported by Rhoden, 1958, 1959) produced a considerable fund of
information about the various deposits in the district. The next exploration
near Silvermines was that in the early 1960s of the long-known Ballynoe
barite deposit that is centrally located in the Silvermines district. This
exploration located several million tons of high-grade barite ore, the
discovery of which coincided with the greatly expanded use of that mineral
for oil-well drilling muds; production from Ballynoe now (1978) runs about
200,000 tons a year. -

The discovery of the Tynagh ore body in 1961 increased the interest in
exploration for base metals in central Ireland, and the Silvermines area was
one of the first targets studied because of the history of prior mining in
the district. A joint venture for the exploration of an 80 km? rectangular
block along the Silvermines fault was organized by International Mogul Mines
and Silvermines Ltd. and began there in late 1962. A great deal of geo-
physical and geochemical work was done; the latter method appears to have
been far the more effective of the exploration tools. Diamond drilling was
commenced in mid-1963, and, after some false starts, success was achieved;
by the end of 1964, 280 holes for a total length of 43,000 m had outlined
11,000,000 tons of ore that ran above 10 per cent zinc and lead combined.

By 1968, production of lead and zinc concentrates had begun and has continued
at least until 1980; 7,200,000 tons of ore with a grade of 8.9 per cent zinc
and 2.8 per cent lead had been recovered by the end of 1976. Concentrates
recovered contained 114,000 tons of lead metal and 494,000 tons of zinc metal.
The lead contained "minor" silver and zinc "minor" cadmium.

The deposits of the Silvermines district occur on the north slopes of
the long ridge comprising the Silvermines Mountain and is on the south side
of the Kilmastulla Valley. The ore is at an elevation of less than 100 m
above the valley under a gently sloping surface of glacial drift that in
places is more than 120 m thick. The valley is underlain by an open syncline
of lower Carboniferous limestones, the axis of which plunges gently to the
northeast. In the low hills on either side of the valley are inliers of
older rocks, both Silurian siltstones and graywackes and Devonian sandstones.
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Taylor and Andrew (1978) report that the following deposits were
available for production in 1968:

Ore Zone Stratigraphic Indicated Reserve Pb% Zn% Ag, oz/ton
Position Short, Dry Tons
Upper G Waulsortian 9,332,100 2.40 9.20 0.74
K 01d Red Sandstone 264,000 2.40 7.35 -—--
B Waulsortian 4,591,600 2.50 6.50 1.01
Lower G Lower Tournaisian 2,068,800 4,50 3.40 1.13
K Lower Tournaisian 2,083,500 1.38  4.58 0.50
C Upper 01d Red 396,400 0.97 5.28 -——--
Sandstone
Shallee Upper 01d Red 1,468,200 1.95 0.10 0.60
Mine Sandstone
Magcobar Waulsortian +2,500,000 @ 85% BaSO,
Deposit

The total of lead-zinc ore in this table is 22,204,600 .of which (Taylor
and Andrew, 1978) only 11,000,000 ran more than 10 per cent lead and zinc
combined. Any ore estimate carried to the nearest 100 tons on the basis of
diamond drilling gives the impression of being far more accurate than any
estimate of this type can be. How the total of 11 million tons above 10 per
cent lead and zinc combined (Williams and McArdle, 1978) was achieved is not
stated, but the total of 7.2 million tons in 8.5 years at an average grade of
11.7 per cent lead and zinc combined indicates that this estimate was quite
good. This tonnage in 8.5 years is at an average rate of about 850,000, not
far from the target of 1 million quoted by Taylor and Andrew, but this means,
if the original estimate of 11 million tons has not been added to, that, at
the end of 1976, only 2.5 million tons (or three years production) remained
to be taken from the ground. Obviously more ore has been encountered or the
mine certainly now would be shut down, which it apparently is not.

As I remember it, I was told when I visited the Silvermines district in
1967 that drilling beneath the earlier-known Magcobar ore had encountered
sulfide mineralization. I have heard nothing more about this, and, if it
were true, surely Taylor and Andrew would have mentioned it. Larter and his
colleagues (1981), however, [based on their recent work on Magcobar (Bally-
noe)] suggest that an epigenetic sulfide mineralization may remain to be
discovered under Ballynoe. Perhaps their thinking was influenced by the
discovery, under the early known massive barite at Walton, Nova Scotia, of a
polymetallic sulfide deposit that had an almost certain epigenetic manner of
emplacement. The change from massive barite to sulfides at Walton was a
gradual one, and the deposit as a whole is classified as mesothermal to
leptothermal (as are the Silvermines deposits). Thus far, at least, no
sulfides have been discovered under the Magnet Cove massive barite deposit,
but its manner of genesis probably was appreciably different from that of
Ballynoe.

In the area around Silvermines, surface exposures and underground
drilling have made known rocks of Silurian to Carboniferous (Visean) age
(Table I). The Silurian beds make up the core of the Silvermines Mountain
and constitute a sequence of gray, green, and purple mudstones with sub-
ordinate grits and sandstones that have been isoclinally folded. Although
no fossil evidence has been found, they are lithologically much the same
as rocks of Upper Llandoverian-Ludlovian age that outcrop in the general
area.
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AGE

Visean
(Chadian)

Tournaisian
(Courceyan)

IRELAND

41

STRATIGRAPHY AT SILVERMINES (after Taylor and Andrew, 1978)
LOCAL DESIGNATION THICKNESS

Calp-like dark 1s

Supra Reef

Chert Breccias

Upper Reef Ls

Pale Reef Ls and
Dol Breccias

Mudbank Reef Ls

Muddy Biolcastic
Ls

Lwr Dolomite

Top not
seen

30-60 m

0-30 m

30-126 m

15-45 m

15-60 m

30-90 m

LITHOLOGY

Ptly silicified
massive nodular
dark argillaceous
1s, shale partings,
chert nodules twd
base

Mixed sequence of
fine-dolomite,
nodular 1s, sub-
ordinate sh

Black massive or
banded nodular
chert, locally
cem'd w gray dol,
brecciated at base

Pale "Waulsortian"
reef 1s and 1s
breccias w grayish
massive chert loc-
ally developed at
base

Interfingering
sequence of
stromatacid reef
1s, reef 1s brand
dol br w massive
py., barite br &
siderite br twd
base

Poorly bedded
1light nodular
micrite w dark
gray sh and light
nodular bio-
micrite - of
crinoidal 1s, dol
sh, green sh,
silic 1s and chert

Thin interbeds of
dark calcareous,
fossiliferous sh
and 1ight nodular
biomicrite, 1s in-
creases downward

Gray massive
rextlzd fine dol
biomicrite, part
nodular, wavy sh
laminae

MINERALOGY

Stratiform ore
or Upper G and
B zones

Magcobar barite

Up to 5 m of
econ Pb-Zn
minzn in
silicified
strata under
ore in B and
Upper G ore
zones

Stratabound
Lwr G and K
zones
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TABLE I(cont.)

AGE
Tournaisian Basal Fragmental
(Courceyan) Beds
Ballyvergin Sh
Basal Sh
Devonian Transitional Ss
(Upper 01d
Red Ss)
Upr Shallee Ss
Middle Grn Ss
Lwr Gry Ss
Lwr Grn Ss
Basal Gry Ss
Silurian
(Upr Llando-
verian-Lud-
lovian)

angular unconformity

LOCAL DESIGNATION THICKNESS

0.40m

1-3m

21'm

21 m

27 m

Base not
yet known
in
Silver-
mines area

LITHOLOGY

80% irreg nodules
and lenses of light
dol biomicrite, 20%
wavy dark sh
laminae

Light mudstone w
silt lenses

Thin-bedded black
dol sh w lenses
and laminae of
biomicrite, more
silty twd base

Thin interbeds of
fine gray qtzites,
dark gry & grn im-
pure ss, sandy sh,
& siltstones ’

Gry to white fine-
med grnd qtzites

w minor qtzose
grits, gry & grn
sh & grn ss

Interbeds of gry
& grn fine
qtzites & grn sh

Med-grnd gry X-
bedded qtzites w
scattered mud-
stone & qtz frags
& local qtz-mud-
stone conglomer-
ates

Fine-grnd grn ss
sh, & siltstones

Gry & white med-
grnd qtzites w
scattered qtz &
grn mudstone
cherts w interbeds
of qtz mudstone
grits & conglomer-
ates

Gry, purple or grn
shales, mudstones

& siltstones, pt
altered to slate w
intercalated graded
grn & gry ss

MINERALOGY

py-barite vein
minzn at
Shallee &
stratiform
horizons of C
zone, Breccia
ore of K zone

Galena, sphal-
erite & minor

cp in qtz-cal

vns
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The Devonian beds in the Silvermines district lie on Silurian rocks
above an angular unconformity; they are facies of the 01d Red Sandstone and
are some 120 m thick. They are principally quartzites of various colors,
mostly quite clean; they are classified, on the basis of color, into six
units. The strata show features diagnostic of their deposition under
deltaic and coastal-litoral environments. Where followed up, they change
from gritty quartzites with lenses and interbeds of conglomerates passing
through finer, but impure, quartzites with mudstones and shales into mainly
clean quartzites. The last 6 m of the 01d Red is composed of thin-bedded
fine, clean quartzites, sandy shales, and mudstones that Taylor and Andrew
consider to be transitional to the overlying and conformable Carboniferous
carbonate beds.

In the Carboniferous, the lower 250 m is a shallow-water sequence of
thin-bedded, generally nodular bioclastic limestones and shales; their
abundant fauna is Tournaisian and equals the 'Lower Limestone Shales' of the
Irish Survey. In the mine area, this sequence is broken down further on the
basis of the proportions of limestone and shale in the various beds (Table I).
The mineralization of the Lower G and K zones is in the lower Dolomite unit
which Taylor and Andrew think is the completely dolomitized massive lower
portion of the Muddy Bioclastic limestone. Hear the base of the Carbonifer-
ous series is the Ballyvergin limestone that is the only district-wide marker
bed; it has been called "water-lain tuff”, but these authors see no evidence
of this near Silvermines. The uppermost Tournaisian strata are those of the
Mudbank Reef limestone; these are much varied but are mainly poorly developed
"off-mudbank" lagoonal facies that have compositional connection with the
Waulsortian (Visean) reef limestone. Green shale beds that may be present
between the Mudbank Reef limestone and the Visean ore zones do not appear to
Taylor and Andrew to have been derived from volcanic debris. These beds
probably were mud slowly brought in from a terrestrial source.

Above the Mudbank Reef rocks (deposited in a stable quite-water
environment) were strata developed under turbulent conditions caused by
dynamic and tectonic disturbances evidenced by overlying breccias. As far
as the fringes of the B and Upper G ore zones, the enclosing rocks are
'Waulsortian' stromatacid carbonate mudbank reefs. This sequence is largely
a series of dolomitized clastic breccias, pseudo-breccias, and what Taylor
and Andrew refer to as "tectonically triggered in-situ shake breccias"; these
are the Silvermines equivalent of the 'Waulsortian Reef' facies. This
sequence from the base of the Visean upward through the Pale Reef beds may
be as much as 250 m thick with the greatest thickness (much thicker than the
30-126 m given in Taylor and Andrew's Table II, here Table I) being on the
downthrow sides of northwest-trending faults that Taylor and Andrew believe
were active during sedimentation. Toward the south, the 'Waulsortian' beds
thin down to about 100 m, and there the whole series is completely
brecciated and dolomitized. To the northwest (in the thicker parts of the
sequence) the proportion of unbrecciated and undolomitized rocks grows larger.
In the lowermost portion of these beds, the main rocks are massive pyrite,
barite breccia, and siderite breccia; these contain the stratiform mineraliz-
ation of the Upper G and B ore zones.

Above this series of breccia-dominated rocks is a series of interfinering
reef limestones and reef limestone breccias designated as the Upper Reef
limestone. Followed upward and laterally, this sequence gradually becomes
higher in chert, forming massive cherts and chert breccias; this is the 30 to
60 m of Chert breccias (Table I). Above the cherts are an irregular series
of Timestones called the Supra Reef and are thought to be the transition
between the Waulsortian beds and the overlying Calp-like limestones. The
Calp beds are the youngest rocks still present in the mine area; they are
massive blue-gray argillaceous limestones as is the usual Calp.
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So far as is at present known, all the ore bodies in the Silvermines
area are located on the south Timb of the broadand asymmetrical Kilmastulla
syncline, the axis of which strikes ENE and which plunges gently in that
direction. The dips on the north {unmineralized 1imb) average about 10°S,
whereas those on the south 1imb (where the ore bodies are) range between
10° and 30°N except in the drag zone next to the Silvermines ENE-trending
fault complex where dip may be as high as 60°. Taylor and Andrew consider
the ENE fold-trend as being of Amorican age, although the typical folds of
this character are more usually east-west in the County Cork area. In the
Silvermines fault zone, the total movement amounts to 200 to 350 m of down
throw on the north side of the fault zone. It is the major structural
feature of the district. Although Rhoden (1958) placed the faults in the
Silvermines district into seven groups, Taylor and Andrew think that the
description of the three dominant sets is enough for a study of the structure
of the district. These are: (1) the ENE-trending faults, the main one of
which is the Silvermines fault proper on which the north side is downthrown
and the dip is between 70° and 90°N: this fault runs for 40 km through
northern Tipperary and Limerick; they consider that the fault originated in
the pre-middle 01d Red Sandstone deformation; (2) the NW-trending faults that
cut and displace the Silvermines fault; this gives the trace of the Silver-
mines fault the sawtooth shape that is particularly apparent in the G zone
and the eastern K zone; these are normal faults with displacements of 50 to
65 m; the north side is downthrown and the dip is between 70° and 90°N; and
(3) NNW-and North-trending faults; these normally are cut by trends (1) and
(2) and are prominent as block faults in the vicinity of the Shallee mine.
Taylor and Andrew believe that the manner in which these three sets of
faults are associated together fits the concept of a major dextral strike-
slip system that later was modified by a dip-slip movement.

If all the known ore bodies in the Silvermines district were exposed
at the surface, they would lie in an irregularly east-west-trending belt,
with the secondary Calamine mine (or P zone) on the east end, directly south
of Silvermines village; next would be the K ore body along the trace of the
Silvermines fault, then the Magcobar barite deposit, then the two G ore
bodies (with the Lower G directly against the fault and the Upper G slightly
north of it), then the S zone (also along the Silvermines fault), and
finally the Shallee mine (or C zone) south of the Silvermines fault in 01d
Red sandstone.

Taylor and Andrew report three distinct styles of mineralization in the
Silvermines district: (1) the stratiform ore bodies that were emplaced in
the Waulsortian carbonates; these are the Upper G zone, the B zone, and the
Magcobar barite open-pit - these authors regard these as having been formed
both syngenetically and syndiagenetically; (2) the stratabound ore bodies
that are located in the Tournaisian Lower dolomite (about one-third of the
way above the base of the Tournaisian); these are the Lower G zone and the K
zone {which had not been fully delineated when Taylor and Andrew wrote in
1978); and (3) the tectonically controlled epigenetic vein and breccia ore
bodies, the best known examples of which were in the Shallee mine (abandonned
in 1958) and in the K and C zones which were known in 1978 only by drillhole
data.

The stratiform ore body of the Upper G zone is contained in massive,
partly brecciated pyrite (but with 20 per cent of the ore being disseminated
brecciaore and 5 per cent fine-grained sulfide muds). These ores are at the
base of the dolomite-breccia series that lies essentially at the base of the
Visean sequence immediately above the Tournaisian Mudbank Reef 1imestone.
This ore has a maximum thickness of 30 m and this is reached in the south
end of the body as controlled by the northwest-trending faults (Taylor and
Andrew, 1978). 0lder authors consider that the Upper G zone is bounded on
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the south by the Silvermines fault. To the south, however, the boundaries
are sharp, being provided by those of the massive sulfides; to the north, the
ore follows the irregular contact with the footwall Reef limestone against
which the pyrite ore pinches out. The ore body changes abruptly from massive
pyrite to footwall sediments that contain practically no sulfides. The
sulfides of this ore are made up of 20 per cent sphalerite and 4 per cent
galena with traces of chalcopyrite, tennantite, boulangerite, bournonite,
Jjordanite, and pyrrhotite, but the bulk (75%) of the ore is pyrite and
marcasite. The gangue minerals are dolomite, calcite, chert, clay minerals,
barite, and quartz. The sulfides and gangue are located in bands of various
compositional proportions. Taylor and Andrew report a wide variety of
colloform textures such as spheroids and framboids, plus concentric banding,
and dendritic structures. The breccia portion of the ore normally is un-
stratified and poorly sorted and consists of fragments of pyrite and sphaler-
ite with considerable differences in size in a matrix of fine-grained sul-
fides, and less dolomite and chert. The overlying Dolomite breccia is an
unsorted mass of rounded to subangular dolomitized limestone clasts in
dolomite-mud matrix that shows some sedimentary features. Minor pyrite is
present in the lower 15 m of the breccia as detrital and replaced fragments.
The B zone ore body also is a stratiform ore body and is located in the

same stratigraphic horizon as the Upper G zone; the dolomite breccia is less
abundant than it is in the Upper G with the main host rock being reef lime-
stone. Williams and McArdle think that the structural situation of these
two ore bodies is essentially similar with each being bounded along the
footwall by a normal fault (NW-trending according to Taylor and Andrew) and
with the dip of the containing beds being appreciably steeper near the fault
than farther away from it. The thickness of the zone ranges from nearly 0
to 30 m and averages about 5 m. The footwall contact of the ore is defined
by the stratigraphic break between the Mudbank Reef limestone and the over-
lying breccias; locally, however, silicified portions of the footwall may
include laminae of fine-grained, economically viable sphalerite that are as
much as 5 m thick. In the massive pyrite portion of the B z one, the actual
contact is not easily determined as pyrite is present in appreciable amounts
in the footwall Reef limestone. The host rocks of the ore zone are divided
into three types: (1) barite breccia, (2) pyrite breccia, and (3) siderite
breccia; these breccias also include lenses of Reef limestone breccia, and
Dolomite breccia that interfinger with the three breccia types just
described.

The major sulfides are pyrite, sphalerite, and galena with minor
marcasite; the galena contains spindle-shaped intergrowths of silver-bearing
boulangerite. Normally, these ore minerals are fine-grained, although
coarse-grained patches do occur. At the northern extremities of the B zone,
the contact of the ore-hanging wall is not easy to distinguish because of
the fine grain of the ore and the lack of marked lithological differences in
the enclosing rocks. The barite breccia is mainly fine-grained breccia frag-
ments but contains inclusions of hematite and jasperoid near its base; its
mineralization is largely fine intraclastic disseminations of galena and
pyrite with minor fine-grained sphalerite. The pyrite in that zone is
either massive or brecciated; the massive variety is finely crystalline or
colloform (in a number of textures). Sphalerite and galena are present as
fine disseminations or coarser replacements. The breccia matrix is
argillaceous or dolomitic and is partly replaced by fine sphalerite and
galena. Williams and McArdle say that the siderite breccia is the main ore
type, the gray siderite matrix giving the rock a dirty gray color; the
siderite clasts in the breccia are of varied size, angularity, and packing
that locally are stratified with interfingering beds of unbroken shale.
Sphalerite occurs in the clasts, commonly in the matrix, and locally filling
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irregular cavities in more massive volumes. A series of NNE-trending basins
are present in the siderite zone in which basins the siderite is thicker
than the average and contains a strong, but fine-grained, sphalerite
mineralization. Taylor and Andrew consider that these basins are an
expression of the initial paleotopography and provide impressive evidence of
syngenesis of the ores. The presence of stromatacid Reef limestone on the
top of the Mudbank Reef limestone provided a barrier to mineralization so
that it pinched out against the Stromatactid Reef limestone along its
northern and eastern boundaries.

The Magcobar (Magnet Cove Barite) ore body (the Ballynoe mine) is in
the same stratigraphic level as the stratiform Upper G and B ore zones, but
it occupies a higher structural level, although being located geographically
between them. The Magcobar ore lies immediately to the south of the area in
which the Upper G and B ore bodies connect. The barite ore is directly above
the layer of impersistent green shale that locally separated the Visean beds
(above) and the Tournaisian beds (below). This ore zone has an irregular
shape, being about 650 m along strike and about 250 m down dip; it ranges
between 0 and 15 m thick and averages about 85 per cent BaSO,. Above the
green footwall shale, there is a basal sequence of layered hematite,
hematitic barite-jasperoid bands that change to brecciated pinkish to white
barite. This barite is covered by a cap of sulfides composed of as much as
10 m of pyritic dolomite breccias with framboidal pyrite and melnikovite
plus some fine-grained galena and pale sphalerite. At its margins, the
barite zone commonly interfingers with siderite breccias; above the barite
may be either massive siderite breccias or a thin chert band overlain by
pyritic dolomite breccias. The basal sequence in the barite zone (Taylor
and Andrew, 1978) shows slumping and brecciation of the type expected of
soft sediments, and what they call syneresis cracking is present in the
jasperoid bands. They believe that these “sedimentary" features in the main
barite ore body indicate that the barite was deposited as a microspherulitic-
cryptocrystalline 'mud' that was remobilized, recrystallized, and stylolit-
ized during diagenesis. They believe that barite texture, thickness, and
lateral extent can be correlated with the paleotopography of the Mudbank
Reef 1imestone of the footwall. They also consider that the barite is the
lateral equivalent of the massive siderite and pyrite rocks that hosts to
the zinc-lead mineralization of the Upper G and B zones. They find it
reasonable that these facies variations were developed in a restricted
lagoonal environment in which appreciable differences in Eh and pH existed
from one part of the lagoon to another.

The Lower G zone is enclosed in the Tournaisian Lower dolomite and is
bounded by two northwest-trending cross faults. The best mineralization, in
grade and thickness, appears to be between the faults that are beneath the
Upper G ore body and the Silvermines fault. Along this line, the two G ore
zones are directly adjacent to each other with the Dolomite breccias and the
Lower dolomite seeming to have pinched out the Muddy Bioclastic limestone
near the fault. North of the fault, the Upper and Lower G ore zones diverge.
the zones being a considerable vertical thickness of barren rock apart only
a short distance from the Silvermines fault; the Lower G ore zone is confined
to the basal portion of the Lower dolomite.

Unlike the Upper G zone, the mineralization in the Lower G is far less
abundant with the content of sulfides in the Lower G being less than 20 per
cent total; galena is more abundant in the Lower G, sphalerite less common,
and pyrite no more than a minor fraction of what it was in the Upper G.
Other sulfides present in minor to trace amounts are chalcopyrite, marcasite,
tetrahedrite (and other similar silver-bearing sulfosalts), arsenopyrite,
and 1611ingite. The main gangue minerals are dolomite, quartz, and barite;
the sphalerite contains what appears to be exsolution blebs of chalcopyrite.
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HWhere the Lower and Upper G bodies are in direct contact (at the south
end of the two ore bodies, against the Silvermines fault), the Lower G
mineralization is normally massive and fine-grained and contains abundant
colloform textures. Farther down dip, it is made up of coarse-grained open-
space fillings of veins and other cavities and local brecciated zones; also
considerable disseminated sulfides are present. To Taylor and Andrew, these
ore arrangements indicate widespread remobilization. They emphasize the
considerable variations in zoning (or lack of it) in the anastomosing veins,
the different types of veins margins, the mono-or polymineralic character
the vein fillings, and the varied vein thicknesses, probably as providing
confirmation of the remobilized nature of the vein fillings.

The K zone lies appreciably farther east than any of the other ore zones,
except the long abandonned Calamine zone. The southern limits of the K abut
against the Silvermines fault (sensu stricto as Taylor and Andrew say) with
its stratigraphical setting being similar to that of the lower G zone. It
reaches its maximum thickness in the steeply dipping Lower dolomite, splitting
into two separate ore horizons away from the fault. The upper horizon is
generally some 3 m thick but is as much as 10 m in places; it extends for
about 75 m north of the fault. The lower horizon, also in gently dipping
beds away from the fault, has a south-north length of 275 m; its thickness is
normally between 4 and 7 m. Where northwest faults cut the lower and
eastern part of the K zone in the basal section of the Lower dolomite, the
ore zone increases to 12 m in thickness. The K zone is completely concordant
with the contacts of the Lower dolomite, being, therefore, truly stratabound.
The Lower dolomite overlies the Basal Fragmental beds, and this contact
normal sets the lower limit on the ore although the Fragmental beds do
contain traces of sulfide mineralization. In the lower 60 m of the Lower
dolomite, the boundaries of the ore are determined by assaying - lithologic
boundaries to mark the upper limit of K-zone ore are lacking. The sulfide
mineralization is made up mainly of sphalerite with minor galena and pyrite
and traces of chalcopyrite and pyrrhotite.

Taylor and Andrew, who emphasize the importance of the northwest-
trending faults in controlling the boundaries of the ore, point out that, in
the western part of the zone, where no such faults are present, the sphaler-
ite usually is a fine-grained dark type that occupies the margins of cavity
fillings and fills anastomosing veins that Taylor and Andrew consider to
have been produced during diagenesis. Some light sphalerite and galena may
occur in the central parts of some veinlets and cavities, surrounded by
dolomite or barite. In the fault-dominated part of the K zone, the sulfides
are more coarse-grained and show textures that Taylor and Andrew says are
"indicative of remobilization". The sulfides are present in spaces among
clasts, in thick tensional veins, the fillings of which are symmetrically
banded, and in minor en-echelon zones of gash veins; all of these structures
are, as Taylor and Andrew point out, related to movements on the faults.

The margins of the veins are composed of fine-grained dark sphalerite then
comes galena and pyrite, and then a central core of dolomite or barite that
surrounds coarse crystalline sphalerite, in orange or brown colors.

The P zone (the Calamine zone or Ballygowan South mine) was mined for
that zinc mineral until 1958; it is considered by Taylor and Andrew to be
the down-dip extension to the north of the K zone and is located away from
the main northwest-trending fault. The ore is in the Lower dolomite, which,
despite its distance from the northwest fault, is oxidized down to 85 m
below the surface. The ore minerals in this material are hemimorphite
(identified by my great-great uncle in 1859), smithsonite, and cerussite;
unoxidized galena and sphalerite are encountered in increasing amounts with
depth. Above the primary protore, the grade of zinc indicates that the metal
has been redistributed, dispersed, and, overall, enriched.
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The Shallee mine is the farthest west of the known ore bodies; these
ores occur in gently dipping upper Devonian beds in a part of the district
that is bounded by the WNW-trending Main fault and the northwest-trending
Western Reefs fault which faults have brought the Carboniferous beds on the
north side of that fault down to the level of Devonian Upper Shallee sand-
stone; some mineralization is present in the underlying Middle Green sand-
stone. The major sulfide is galena with barite and pyrite in moderate
amounts and chalcopyrite, sphalerite, arsenopyrite, and tetrahedrite (and
other silver-bearing sulfosalts in trace quantities). Although disseminated
galena is quite common in the sandstones, the principal manner of mineral
emplacement is as open-space filling of north-south-trending ramifying
veinlets that are as much as 15 c¢m in width. These veinlets contain crusti-
form galena with lesser barite and pyrite. In the veinlets near the main
northwest-trending faults, the mineralization is coarser and has a network-
like form; this is similar to the Devonian mineralization of the K zone.
The block-faulting of the beds in the Shallee area has been accomplished by
N-S and NNW-trending faults; these post-date the mineralization but affect
only minor displacement of the ore.

When Taylor and Andrew studied the deposits at Silvermines, surface
diamond drilling cut fractured, brecciated, and mineralized Devonian beds
located between two northwest-trending faults that both intersect and dis-
place the ENE-trending Silvermines fault. These two faults dip about 80°NE;
the throw of the more northerly fault is down for 15 m but that of the
southerly fault could not be determined. The extent of this mineralization
had not been located in 1978; the maximum thickness attained is 35 m at a
depth of 100 m but higher up drops off to 5 m - no lower 1imit had been set.

This mineralization in Devonian beds is located in quartzites, grits,
and shales that are shattered or even more strongly brecciated. The cracks
in these rocks are filled with veinlets of fine-grained variously colored
sphalerite and pyrite and minor galena. Included in this sequence is a
series of thick brecciated horizons composed of poorly sorted and closely
packed angular clasts of clean quartzites and angular shales that contain
symmetrically banded mineralization of variously colored sphalerite and
pyrite and locally coarse galena. Most calsts do not appear to have been
transported because the heavy mineral laminae can be traced from one clast
to its neighbor. Other quartzite and shale clasts essentially are separate
from each other.

The C zone is the most easterly of the ore bodies (Taylor and Andrew);
it is located in the siliciclastics of the Upper Shallee sandstone. At the
time of Taylor and Andrew's work, it was the least understood of all the ore
zones. This ore body has a strike length of 275 m and has the shape of a
rough triangle. It lies against the hanging wall of a major northwest-
trending fault that brings Devonian rocks down against Silurian flagstones
and mudstones. The ore body is composed of two or three thin (3 m) strati-
form mineralized sandstone horizons that are upturned and coalesce against
the fault zone. The main part of the ore body is about 10 m thick and the
beds in which the ore is located are drag-attenuated, fractured, and
brecciated pale sandstones and grits with which are interspersed minor
Silurian slate breccias. The sandstones contain disseminated galena and
pyrite; these are cut by anastomosing veinlets up to 15 cm wide of dark to
pale, fine-grained sphalerite with some galena and pyrite. The veins show
well-developed colloform textures.

Several other, but minor, occurrences of ore are known in the area, but
these are of no economic importance, at least at present.

Taylor and Andrew believe that their major contribution to the geology
of the Silvermines ore bodies was their determination that the controlling
structural feature in the location of the ore bodies was the northwest-
trending faults. These faults not only set the pattern of ore-fluid intro-
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duction but also contributed largely to the breaking of the ground in which a
large portion of theore bodies are contained. From this it follows that the
east-west (or ENE-trending) Silvermines fault (or fault zone) exerted (in
their opinion) only a rather minor and quite early influence on the distri-
bution of the ore bodies.

They put forward the following items of evidence that the locations of
the ores were related to these northwest-trending faults. The first is that
the ore bodies are in close spatial proximity to the NW faults; the Upper G
actually lies against a major NW fault and the B zone is cut by one; the
Lower G and K zones lie directly against such a fault. Further, the lead-
rich vein deposit at Shallee was cut by such NW faults. The second evidence
is derived from their contouring of the zinc and lead percentages and of the
zinc-lead ratios in the ores. In the upper portions of the G and B zones,
the ore bodies changed from a lead-rich area through to a zinc-rich one on
both sides on a NW fault. Only one major trend ran in a northeasterly
direction, and these authors think that this was due to troughs in the
topography of the Carboniferous sea floor and not to fault directions. In
the K zone, the trends showed by the ratio plots are definitely north-
westerly; further, the K zone had a linear trend that was parallel to the NW
fault. They also contend that the element zonation in the ore was related
to the northwest trend. The third evidence was that of what these authors
believe to have been remobilization. In the K zone in the Lower dolomite,
they report that remobilization occurred next to the NW fault. At the fault,
the ore mineralization was more or less 40 m thick, but it had dropped to
3 or 4 m where the ore was emplaced in breccias or veins, such structures
having been produced by later movements. The evidence in this zone, however,
is far from fully developed, so the authors think that more examples of NW
faults remain to be proved. The fourth line of evidence was the minor
mineralization in veins in the Silurian and Devonian rocks, these veins being
related to WW-trending faults; faults with other trends did not have mineral-
ization associated with them. They believe that these NW trends were active
as early as Waulsortian times.

In the 1979 discussion of their 1978 paper, Andrew reports that, after
publication of that paper, a new high-grade pod of polymetallic silver
mineralization has been discovered; it cuts the massive pyrite of the B zone
and assayed generally up to 1 per cent silver and locally as much as 6.5 per
cent. This ore included several of the arsenic-ruby silver minerals such
as proustite, xanthoxonite [AgzAsS3], smithite [AgAsS,], and argyrodite
[AggGeSg] in association with galena, sphalerite, barite, and argentite.

This ore also contained 1 per cent nickel; this is obviously quite different
material from what had previously been known from the Silvermines ore bodies
and merits further study.

In the 1979 discussion of the 1978 paper, C. J. Morrissey pointed out
that, to him, the patterns of metal distribution pointed to a subtle inter-
play of two or more directions of structural control of which he believed
the ENE direction to be the most important. This suggests that the
dominance of NW-fault control has not yet been firmly established. He
contends that the concentration of the ore at Silvermines along only a short
portion of the 40 km length of the Silvermines fault indicates that the
mineralization may have been concentrated by NW faults but also may have been
localized where the main ENE fault had its greatest throw and/or its greatest
disruptive effect on the rock adjacent to the fault.

Taylor and Andrew propose a rather complex genetic scheme to
account for the various types of mineralization present in the Silvermines
district and for the possibly different times at which the ore-forming events
took place. They believe that, in Tournaisian time, Zn-Pb-bearing solutions
in which the metals were carried in chloride complexes came up along, and
out from, the Silvermines fault zone. These solutions are presumed to have
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met sulfate-rich connate water when they entered pore spaces, solution
cavities, and diagenetic features in the Lower dolomite. Obviously, the
precipitation of sulfides in such sites requires that the S*6 of the sulfate
jons have been reduced to the S-2 of the various sulfides (or the S;-2 of
pyrite). Yet they also say that in Devonian and Lower dolomite ore zones the
sulfides were precipitated from deep-seated solutions at about 150° to 300°¢
in which sulfides the delta-3%S values ranged between +4°/,, and -8°/,,.

Now certainly these two statements are difficult to reconcile. The sulfur

is said to have come from a deep-seated source yet also to have come from

the reduction of sulfates present in solution in various types of openings

in the Tournaisian (Lower dolomite) rocks. To have been lying in wait for
the metal-chloride complexes, the sulfate solutions (granted they came from
deep-seated sources) must have arrived in the Tournaisian rocks of the
Silvermines district at some measureable time before the chloride complexes
and must have been found by these chloride solutions with unerring

accuracy. If the sulfides ion already were present in these water-filled
openings, then the amount of sulfides that could have been deposited would
have depended on the amount of sulfide ion available. Even if these
solutions were saturated with such ion, the quantity of it available would
have been capable of precipitating sulfide in sufficient amount to have
filled only a small fraction of each water-filled cavity available. Further,
if these sulfate ions were from a deep-seated source, there seems no
compelling reason why they should have been concentrated in open space only
in Devonian and Tournaisian Lower dolomite rocks. Surely, the entire system
of cavity-contain rocks from Devonian to Visean age would have been filled
with these sulfide-rich solutions; such filling cannot be expected to have
been confined to the older rocks specified by Taylor and Andrew. Even if
these sulfate-rich solutions were present and were found by the metal-
chloride-brine-rich deep-seated (and later) ore fluids, what mechanism would
have been available to have reduced the sulfate-sulfur to sulfide-sulfur?
Certainly, the mechanism could not have been bacterial for Taylor and Andrew
say that the sulfides were deposited at temperatures ranging between 150° to
300°C, temperatures at which no sulfate-reducing bacteria could have survived.
None of the questions posed immediately above has been answered by Taylor and
Andrew.

Setting these deposits in older rocks aside for the moment, Taylor and
Andrew say that the stratiform ores bodies present in the early Visean beds
were precipitated in an early Visean tectonically unstable reef-bounded
lagoonal complex in which variations in Eh and pH account for the differences
in sedimentation and ore-mineral precipitation obvious in these Visean rocks.
Here, perhaps, appeal can be made to sulfate-rich solutions trapped in
cavities in the early Visean rocks, ineffective as this mechanism almost
certainly would be to supply the amount of sulfide ion needed to attack the
metal-chloride complexes and convert them to the sulfides and sulfosalts
known in the ore bodies in these rocks. This is even less possible as a
mechanism when it is remembered that Taylor and Andrew consider that this
precipitation of sulfides took place during early diagenesis. The only way out
of this contretemps is for the sulfides deposited during early diagenesis to
have been remobilized later in the lithification cycle (or, more probably
after that cycle had been completed). Actually, Taylor and Andrew do explain
all ore-mineral structures that might be taken to indicate epigenetic ,
emplacement as having taken place by this remobilization process. They do
not, however, explain the mechanism of such remobilization; they do not
answer such questions as how large amounts of sulfides were dissolved, moved
only short distances (measured in fractions of a meter in most instances),
and then reprecipitated. This is a particularly difficult problem when the
presence of sulfosalts in the ore is considered. At the temperatures pro-
posed by Taylor and Andrew for this remobilization (120° to 200°C) the solid
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solution of, for example, chalcopyrite in sphalerite hardly could have taken
place. Yetthe common presence of exsolution blebs of chalcopyrite in most
sphalerite shows that temperatures were high enough for an appreciable solid
solution between these two sulfides to have occurred.

Sulfur-isotope studies, as would be expected, show that the delta-3%S
values of the sulfur in the barite is between about +15°/,, and +21°/,,,
which may be accounted for in one or a combination of both of the following
mechanisms. The delta-3“S values of the sulfur in barite are such that some
(though probably not all) of it could have been produced by reaction between
Ba+2 provided by the deep-seated ore fluids and sulfate ion present in near-
surface sea water or by reaction between Bat? from deep-seated ore fluids
and 50,-2 developed by the oxidation of the $-2 ions that may have accompanied
the deep-seated ore fluids. It must be remembered that by far the major
portion of the sulfate ion in sea water is produced by the oxidation of the
sulfur in H,S or in metal-sulfur complexes when they reach the surface or
when they are oxidized on their upward journey by the wide variety reactions
possible within the ore-forming fluid or between that fluid and minerals
deposited by earlier-passing volumes of the ore fluid or between that fluid
and the rocks through which it passes. In short, the presence of sulfur in
the sulfate ion of barite with delta-3"“S values higher than +15°/,, does not
tell much about where the sulfur came from except that it ultimately came
from igneous activity within the earth's crust.

Taylor and Andrew claim that all the barite in the stratiform and
Shallee ore bodies was precipitated directly by reaction with sea-water
sulfate. Further, they argue that the pyrite in the stratiform ore zones
was formed early in the diagenetic stage by biogenic reduction of sea-water
sulfate. They believe that the presence of appreciable quantities of sider-
ite in portions of these deposits depended on the Eh-pH relationships in the
lagoonal basin. The temperature range that apparently obtained during the
formation of this pyrite (120° to 200°C) almost certainly means that bio-
genic reactions could not have been the mechanism for producing the S,-2 of
pyrite. It is much more likely to have been developed in the upward journey
of the deep-seated fluids. The recent work by Larter and his colleagues
(1981) resulted in the discovery in the pyritic footwall horizon of the
southeast corner of the Ballynoe barite open pit what they call "preserved
hydrothermal chimneys" that they consider to be similar such chimneys now
known in the East Pacific Rise area at 21°N latitude off the southern tip of
Baja California. These modern chimneys appear to be physically and
chemically unstable and were presumed to be ephemeral (Larter and his
colleagues say "ephermal"). Other recent work, too complex to be cited here,
appears to indicate that minerals similar to those of which massive sulfide
deposits are composed, when poured out on the sea floor from such "chimneys"
probably are too easily oxidized to produce deposits of the magnitude of
major massive sulfide deposits (though they may bear a genetic relationship
to manganese nodules). At any event, these chimneys beneath one corner of
the Ballynoe barite deposit indicate that they probably were produced by ore
fluid that, on moving near to the surface, deposited these pyrite chimneys.
At Ballynoe, these chimneys consist of circular to petaloid pyrite rods;
these rods are 0.1 to 20 mm in diameter and up to 200 m high. In some places,
rods will coalesce to form sheaves or curtains. The rods and sheaves
normally are enclosed in matrices of crystalline barite. In addition, this
matrix of barite and disseminated pyrite, contains patches of crystalline and
microcrystalline pyrite, galena, and sphalerite. The pyrite and sphalerite
also are present in framboids; the galena always is euhedral. Barite
normally is in tabular crystals more than 10 mm across that, in many places,
stand apart from the matrix; Larter and his colleagues suggest that this is
due to the removal in solution of anhydrite that once cemented them.
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When these authors studied polished sections, they found that some
pyrite rods had a central 'canal' zone of fine framboidal pyrite; in other
examples, the 'canal' is empty. The majority of the chimneys have a clear
concentric zoning of radiating crystals of pyrite, separated by zones of
fine crystalline and framboidal pyrite. In some rods where the matrices are
dominantly sphalerite and galena, these do not have the concentric zoning
that is seen in rods in which barite is an important mineral.

Larter and his colleagues believe that these chimneys in the Ballynoe
barite are so much like those being developed on the East Pacific Rise that
they think it reasonable to suppose that the two types were formed in the
same way. The chimneys began to grow over microvents, in either case,
supplying a vent for the rising plume of sulfides (and at Ballynoe of barite).
As these chimneys grew, a dense uncemented pyrite and water mixture dripped
down the outside of the chimneys and formed globular masses on the outside
of that structure. On coming out of the chimneys, the solutions that rose
through them contained barium ions that reacted with sea-water sulfate to
form barite that deposited as a hydrated barite gel. This gel was then
moved by bottom-hugging currents to form a sedimentary mass of the gel that
was later to be dehydrated. What sulfide may have accompanied the barite
probably was, in the authors' opinion, oxidized rapidly (as has been suggested
above) and was taken out of the barite-rich area. These authors further
suggest that the lead and zinc ions so liberated were redeposited when they
reached a deeper part of the lagoonal basin where large amounts of hydrogen
sulfide were available. This may have been a sufficient mechanism to deposit
the Tead and zinc sulfides but something must have oxidized the S-2 to pro-
duce S,-2 required for pyrite. The authors make no distinction between water
depths in the Ballynoe sea and those of the ocean around the East Pacific
Rise.

0f course, and in my opinion, an equally acceptable possibility, is that
the solutions coming out of the pyrite chimneys remained as solutions and
attacked the carbonate rocks into which they were vented, massively replacing
them.

Obviously, the majority opinion is that the Silvermines ores were formed
syngenetically despite the evidence of the introduction of most of the
sulfides epigenetically into the positions they now occupy. This apparent
epigenesis of sulfides is, of course, explained as resulting from remobil-
ization of sulfides deposited originally in the unlithified beds and later,
after lithification, dissolved and redeposited epigenetically. 1 am of the
opinion that original epigenesis is the better explanation. On this basis,
the Silvermines ore bodies were formed under mesothermal to leptothermal
conditions and are so classified here. This classification is in agreement
with Evans (1976) who says that, at Silvermines, the Upper G ore zone presents
the nearest approach to a stratiform massive sulfide deposit. He goes on to
say, however, that the lower ore body in that zone is more discordant,
coarser-grained, and largely as fracture fillings. He thinks that the ores
in the older mines at Silvermines are even more epigenetic in character.

If, on the contrary, the Silvermines ores were deposited syngenetically
and later considerably remobilized, they should be classified as Sedimentary-
Ala & b, plus B2.

Because the Silvermines ores in Devonian rocks were introduced after
those beds had been lithified and faulted and because the major mass of
mineralization, which may have been syngenetically or epigenetically intro-
duced, is located in lower Carboniferous rocks, the ores must be categorized
as Late Paleozoic.
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TYNAGH, COUNTY GALWAY

Late Paleozoic Lead, Zinc, Mesothermal to
(primary) Silver, Copper, Leptothermal

Late Tertiary Barite (primary)
(secondary) (Chemically concen-

trated from fluid
igneous emanation -
possibly)

Ground Water-B2
(secondary)
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Notes

The unusual base- and precious-metal mine of Tynagh (53°09'N, 8°22'E)
is located near the village of that name, some 48 km east-southeast of
Galway on the Atlantic, 65 km north-east of the airport at Shannon, and
145 km west of Dublin, The area was one of those recommended to prospectors
by Murrogh O'Brien when he was Director of the Geological Survey of Ireland.
Irish Base Metals (an Irish subsidiary of Northgate Exploration Limited of
Canada), using soil sampling, outlined a strong and large-sized anomaly and
an electromagnetic survey confirmed the existence of a conductive body. Two
inclined diamond drill holes passed through dark, unconsolidated mud that
assayed well in lead, zinc, and silver with a minor quantity of copper; the
bed rock under the unconsolidated mud was limestone that contained only
minor amounts of lead and zinc sulfides. Later core drilling, in the plastic
muddy material, developed the volume of this mud as about 1000 m long with a
maximum width of 200 m and a maximum depth of about 75 m. Much diamond
drilling into the bed rock indicated several million tons of primary ore
consisting of galena, sphalerite, pyrite, and subordinate copper minerals
with maximum contents of 5000 ppm Pb and Zn. The cover of glacial overburden
above the ore-bearing mud ranged from about 3 to 15 m in thickness. This
overburden was uncovered, and mining began in this most unlikely ore in 1965.
In January 1974, mining in the secondary ore was stopped when the ore came 80
per cent from primary material and 20 per cent secondary; mining in 1978 was
entirely underground. By the end of 1974, production had amounted to
317,000 tons of lead, 226,000 tons of zinc, and 284,000 kg of silver, plus
small quantities of barite. Barite is now being recovered at a rate of
50,000 tons annually from the mine tailings. At the end of 1970, reserves
were reported to be nearly 6,000,000 tons of ore with a grade of 5.37 per
cent lead, 4.51 per cent zinc, 0.37 per cent copper, and 60 g/ton of silver.
A further 3,000,000 tons of somewhat lower-grade ore had been blocked out at
that time (Williams and McArdle, 1978).
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The primary ore is reported by Boast and his colleagues (1981) to have
been composed of two sulfide deposits (zone II and zone III); these were
separated by a barren zone of dolomitized limestone. The combined tonnage
of these two ore zones was 9.4 million short tons; average grade of this ore
was 3.0 per cent Pb, 3.2 per cent Zn, 0.3 per cent Cu, and 1 oz. Ag per ton.
The block of Waulsortian limestone containing the ore was 200 m vertically,
1.6 km in Tength parallel to the strike of the Tynagh fault, 130 m perpen-
dicular to that fault.

Although the ores of the central plain of Ireland are contained in
Carboniferous rocks, they are underlain by those of the lower Paleozoic,
including parts of the Tower Devonian, that were folded strongly during the
Caledonian orogeny (Schultz, 1966). The erosion of these Devonian rocks left
a surface of minor hills and valleys over which the Carboniferous rocks are
thought by some to have been draped. The Carboniferous sea advanced from
the south to lay down basal clastics and then the main limestone rocks of the
lower Carboniferous that principally are shelf-type carbonates of Dinantian
(Tournaisian plus Visean) age. The mid-Dinantian also was a time when
volcanic eruptions took place in several areas of Ireland; these flows were
largely from basaltic to intermediate composition with intercalated pyro-
clastic sediments, both types being interbedded with the limestone sequence.
The closest of these volcanic areas to Tynagh was in County Limerick, nearly
70 km south of Tynagh. Local structural disturbances about this time pro-
duced submarine slide conglomerates and breccias; these lead to moderate
regressions of the sea and an increase in the supply of clastic sedimentary
material from the uplifted source areas. Schultz believes that this volcanic
episode was the climax of a much longer period of crustal instability and
moderate earth movements. The Tynagh iron formation (of vital importance in
the understanding of the geology of the Tynagh ores) appears to have been
developed during the volcanic epoch as a result of the various processes
taking place during that time.

The Carboniferous period ended with the Hercynian orogeny; Ireland was
on the north front of the Variscan (i.e., Hercynian) folding, but the most
intense folding in Ireland took place well south of the Tynagh area. In the
part of Ireland in which Tynagh is situated, the folding was appreciably less
severe and was strongly influenced by the structure of the underlying
Caledonian rocks. What regional metamorphism took place was confined to the
fold belt of southern Ireland (Schultz, 1966).

In detail (McDermot and Sevastopulo, 1972), the base of the pertinent
portion of the Tynagh stratigraphic column is provided by the 0ld Red sand-
stone (the base of which is not observed); it is from 185 to 370 m thick.
This is overlain by nearly 50 m of Lower limestone shales (of which the
basal portion is 4.3 m of Ballyvergin shale); the Lower limestone shales
proper are 45 m thick. Over the Lower limestone is 3 m of the Tynagh sandy
bed, and that is followed by 125 m of the Bioclastic limestone and 200 m of
Lower Muddy limestone. These last two formations appear to be the equivalent
of the Lower limestone and Lower limestone shale of Schultz (1966); the total
thickness given by Schultz for these two formations is between 230 and 290 m,
not a huge difference from the figures just given especially if the 328 m
total is a maximum thickness. These two formations are Tournaisian in age.
The rocks immediately above the Lower limestone are known variously as the
Waulsortian, Bank, and Reef limestones with the lower portion being still
Tournaisian and the upper part being assigned to the lower Visean. The
thickness of this variety of limestones is stated by McDermot and Sevastopulo
(1972) to be, at a maximum, 170 m. In his generalized stratigraphic section,
Schultz (1966) gives the thickness of the Waulsortian or Bank limestone to
be 0 to 185 m. HMcDermot and Sevastopulo divide the Reef limestone into four
parts, to which they do not assign (or Williams and McArdle do not quote)
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actual thicknesses. The lowest part is a slump breccia, the next the main
calcilutite (in which is contained an horizon of slump breccia) then comes
another (apparently more wide-spread) horizon of slump breccia, and finally
a bed of crinoidal biomicrite, about as thick as the bed of calcilutite.

The last formation given by McDermot and Sevastopulo is the Calp limestones
(more than 250 m thick). This appears to correspond to Schultz Middle 1ime-
stone. The Calp is divided into a lower non-siliceous Calp and an upper
siliceous Calp. Williams and McArdle say that the Calp is more than 250 m
thick, whereas Schultz says that his Middle limestone is up to 240 m thick.

Schultz reports the Waulsortian to be analogous to a barrier reef that
is generally thick and spread over much of west-central and southwestern
Ireland. The Waulsortian separated basin facies in the south and west from
lagoon facies to the north and east. The rocks in the lagoonal facies are
similar to the reef materials, but they occur in discrete knoll or bank
deposits. These limestones are poorly stratified and are made up of calcite
mudstones that include various proportions of bioclastic material that ranges
from finely broken debris to coarse crinoidal and shelly material. Character-
istic of these limestones are carbonate muds deposited by internal sedi-
mentation with sparry calcite as cavity fillings. Although bryozoan fronds
locally are rather common, Schultz does not consider them to be abundant
enough to have provided rigid frameworks for the reefs. He also does not
think that these rocks are true reef-facies limestones. because they do not
form rigid wave-resistant structures. Lees (1961) describes the reefs as
“carbonate mudbanks that were formed by accumulation of carbonate mud and
bioclastic sand which were tranped and held in place by organisms, presumably
plants or sponges, which have not been preserved in fossil form". The
Tynagh area proper is located in the northern part of a large bank complex
that reaches from this area almost to the city of Cork, and covers 7750 kmZ2.
The overlying Calp limestone is composed of massively bedded clastic lime-
stones that include interbedded shales and themselves contain much argil-
laceous and carbonaceous matter. Although the bulk of the Calp lies above
the Waulsortian, the two formations also are partly contemporaneous. The
Middle (Calp) limestone contains a few tens of meters of cherty beds; in
places, thin beds of pyritic black shale occur through the formation. Some
of the Calp limestones are red (due to fine-grained hematite intimately
mixed with the carbonate mud) and green (due to chlorite). Both hematite and
chlorite may occur together. In the Tynagh area, these colored limestones-
are associated with ironstone sediments. Schultz believes that the hematite
was transported as colloids or in true solution and was deposited inde-
pendently of the carbonate material.

The district (Schultz, 1966) is part of the moderately deformed foreland
of the Variscan fold belt slightly over 110 km north of an east-trending
thrust fault that marks the northern limit of the highly deformed rocks of
the Armorican geosyncline.

The principal structure in the Tynagh area is an inlier (the irregularly
shaped Slieve Aughty mass of 01d Red sandstone) that contains some Silurian
inliers as well. The major fold axes strike between east-west and NE-SW
with dips that, in only a few places, exceed 15° except on the north slopes
of Slieve Aughty (the slope away from Tynagh) where dips up to 50° have been
measured in the Lower limestone.

In the Tynagh area proper, the reef limestones are a complex group of
in situ bank limestone, reworked and related limestones, and detrital mater-
ial derived elsewhere than from the Waulsortian banks. In this area, the
Bank limestone is in contact with 01d Red sandstone along the Main (North)
Tynagh fault.

Within the lower part of the Bank limestone, away from the Main fault,
the limestones grade into (intertongue with) ironstones that are at the same
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level as reddish or greenish limestones in the Bank limestones. Schultz
considers the ironstone to be a facies of the lower Bank limestone; its
southern edge is about parallel to the trend of the Bank limestone for about
1 km, but then it swings in a more northerly direction than that followed by
the limestone. The minimum dimensions of the Iron formation (Schultz, 1966)
are about 1.5 km east-west and at least 0.8 km north-south; it may be much
larger. The maximum thickness of the ironstone is up to 55 m north of the
Tynagh fault. The Iron formation is composed of alternating and inter-
fingering layers of ironstones and limestone with graded bedding. There are
a few thin beds of tuffaceous rocks in the upper parts of the Iron formation.
The ironstones are (to Schultz) clearly of sedimentary origin andwere formed
by the chemical (biochemical?) precipitation of iron oxide and silica in a
restricted marine basin. Most students of the district consider the iron-
stones to have been formed by volcanic-exhalative processes. The accompany-
ing clastic sedimentation was provided by intermittent, short-lasting
influxes of limestone detritus carried in by subaqueous slides and turbidity
currents. In addition to the hematite and chert, dolomite is common in
aggregates of small grains. The original carbonate probably was calcite that
was diagenetically domomitized.

An iron-rich chlorite is present as a rather abundant constituent of
the ironstone; stilpnomelane is a minor mineral in the ironstone and is
difficult to distinguish from chlorite in hand specimens, but is easily
recognized in thin sections. Minnesotaite also is found in subordinate
amounts, generally with, or close to, stilpnomelane. Both of these two
minerals have replaced chert and turbid dolomite. Some short sections of
some ironstone beds contain enough magnetite and maghemite that they are
highly magnetic. Late calcite occurs as minor fillings of pores in coarsely
crystalline hematite; some calcite replaces chert and/or chlorite. Schultz
believes that this CaCO; was derived from adjacent limestones. Pyrite is
present in the ironstone in very small quantities except for one section of
minor extent at the top of the formation. Overlying this section is Time-
stone breccia that also has disturbed the ironstone beneath it.

Hematite and chert are the essential minerals of the ironstone, whereas
the turbid dolomite, chlorite, and stilpnomelane are varietal constituents.

The ironstones show different forms of layering: (1) finely laminated,
wrinkly structure (algal bedding), (2) poorly layered structure, character-
istically showing strongly developed colloform features, and (3) massively
bedded structure.

Interbedded Timestone, a minor part of the Iron formation, was formed
from the same detrital material found in the Waulsortian unit; reworked
pyroclastic material makes up a very subordinate part of the total formation.

The exact age of the iron formation is unknown, but it probably is mid-
Dinatian, about the boundary between the Tournaisian and Visean. Development
of an off-shore barrier somewhere north of the Tynagh area cut off that
region from free communication with the open sea and, thereby, from the entry
of muddy and silty sediments from the north. Clastic sedimentation was con-
fined to areas near shore or where older sediments had been uplifted and
then reworked by wave action and currents; some parts of the ironstone basin
were largely untouched by clastic sediments except for intermittent supplies
of slide-transported material.

Schultz does not believe that the iron and silica of the Iron formation
came from a volcanic-exhalative source (or sources). Nevertheless, Schultz
says that the possibility of minor hot springs in the basin floor cannot be
disproved by present knowledge. For what it is worth, the large majority of
students of the Tynagh ores believe that the iron formation was produced
from volcanic exhalations (Boast and others, 1981, Russell, 1975, Riedel,
1980, Derry and others, 1965).
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Derry and his colleagues (1965) and Derry (1966) have referred to the
greenish-gray silty beds that grade laterally into the Reef or Bank or
Waulsortian limestone as "tuff". Schultz objects to this (1966) because he
says that, in thin section, he finds no specific mineralogical or textural
evidence of "volcanic provenance". Nor does he find that any appreciable
amount of this mineral is different from the terrigenous debris such as may
occur in impure limestones at any level of the lower Carboniferous succession
at Tynagh. Schultz says that, out of the 60 m of total thickness mentioned
by Derry and his colleagues (1965), no more than 1.5 m can be classified on
reasonably firm petrographic grounds as being of pyroclastic origin. However,
Derry (1965) says that all he wants to do is point out that there was some
volcanic activity in the area at much the same time as the formation of the
ores.

Another area of disagreement between Schultz and Derry and his colleagues
is as to the structural sequence of events. Schultz claims that tectonic
folding (of Hercynian age) was influenced by the Caledonian grain of the
older (Devonian and Silurian) rocks and that this folding, as well as normal
faulting, accounts adequately for the present structure. He says that there
is clear evidence of Hercynian folding, although, as Derry points out, he
does not say what the "clear" evidence is. Further, Schultz holds that the
nature and facies distribution of the 01d Red sandstone and the Carboniferous
sediments do not fit the postulated "ridge and valley" structure that should
have been imparted by the pre-01d Red sandstone topographic relief. Moore
(1975) contends that minor structures associated with the (North) Tynagh
fault suggest that there have been several episodes of movement along the
fault after the initial major and normal displacements. The major normal
movements were followed by reverse oblique-slip faulting that was accompanied
by subsidiary thrusting, cross-faulting, and minor strike-slip displacements.
The introduction of the primary ore bodies, Moore claims, preceded the
reverse movements that probably were Hercynian. These movements caused
minor and local redistribution of small amounts of the gangue and ore
minerals. Granted that these post-ore fault movements did take place after
the ore had been introduced, the age of the mineralization must have been
before these minor fault movements, but this does not prove that the major
fault was not an early expression of Hercynian earth movements, and the later
minor faulting no more than "after shocks" that followed the earlier major
one.

The Tynagh fault proper trends about east-west to E10°S and dips to the
north at 60° to 65° at the mine workings, but decreases to 45°N to the east.
In this area, the Tynagh fault seems to have been offset in several locations.
In the western part of the open pit (from which the residual ore was mined),
the fault splits, and movement took place on several slip surfaces. In the
western part of the surface workings, a tectonic slice of Muddy limestone
(the formation directly underlying the Reef or Bank) has been intercalated
within the fault zone between Devonian sandstones in the footwall and the
Reef and Calp limestones of the hanging wall. The ore bodies are contained
in younger rocks of the hanging wall.

There has been a net normal displacement across the main fault zone as
is shown by the lower Carboniferous rocks that overlie the Devonian beds in
the footwall. Although the displacement differs somewhat along the fault,
in the mine area the slip exceeds 600 m in dipslip; this net slip is the
result of the summation of all movements that took place along the fault
since the first movement that affected the Carboniferous beds. For a
considerable length of the fault, the footwall is composed of an inlier of
01d Red sandstone. On the north side of the fault, there are 150 m minimum
of normal Reef limestone between the fault and the southernmost tongue of
the Iron formation. The Reef limestones generally show some evidence of
slump brecciation. Moore thinks that tectonic uplift during sedimentation
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may have induced the slumping. From this Moore believes that it follows
that the Tynagh fault may have been a pre-Carboniferous basement structure
reactivated so that it affected Carboniferous sedimentation and was influ-
ential in the Tocalization of an ore body of syngenetic or diagenetic origin.

Williams and McArdle (1978) say that the Carboniferous and Devonian
rocks on the southern side of the 01d Red sandstone inlier are conformable.
Thus, they contend, the main Tynagh fault is a trap-door fault (a curved
fault bounding a block that is hinged along one edge). They are convinced
that there were at least three main phases of movement, all of which affect
the mineralization; localized gentle folding also was spatially associated
with the faulting.

Moore says that few identifiable minor structures of tectonic origin
remain to indicate what was the early history of the Tynagh fault. He says
there are two possible explanations for this situation: (1) that the normal
fault movements occurred between the sandstone of the footwall and
unconsolidated Carboniferous sediments on the north side of the fault and
(2) that the large number of younger, superimposed minor structures, which
were the products of later movements, obscured the earlier relationships.
Under (1), of course, the usual structures found in lithified sediments
would not have formed in the soft calcareous sediments or would have been
destroyed by differential compaction during and after the movement. Moore
attempts to explain essentially all the veinlets in the Carboniferous rocks
as having been produced during diagenesis. On the contrary, these minor
veins may be the result of the later and minor movements on the fault, after
the Reef limestone was essentially, if not entirely, consolidated.

The Reef limestone, cut by the Tynagh fault, contains the ore. These
micritic and bioclastic limestones usually are separated from the surrounding
muddy and carbonaceous limestone of the Lower Muddy Timestone and the Calp by
transitional slump breccias. Near the core of the reef, the breccia contains
numerous limestone blocks in a shale matrix, a condition that suggests that
the original material prior to brecciation was lithified interbedded lime-
stone and shale and, on being subjected to tectonic stresses, the limestone
broke into solid fragments and the shale flowed into the spaces between them.
This explanation hardly conforms to the concept of a mass of unconsolidated
sediment (carbonate and shale) having slumped before lithification. Of
course, movement along the fault after the interbedded limestone and shale
had been Tithified would definitely have a major effect on the newly lithi-
fied rocks of which the slump breccia seems to be a reasonable outcome. It
also is possible (Williams and McArdle, 1978) that the slumping reflected a
regional depositional instability such as has been noted in upper Tournaisian
and lower Visean rocks in Ireland.

Schultz (1966) considers the contention of Derry and his co-workers that,
because individual formations tend to thin out as well as steepen in dip as
the Tynagh fault is approached from the north, fault movement was more or
less contemporaneous with sedimentation and accelerated subsidence in the
northern area. Schultz thinks this argument is fallacious because the south-
ward thinning of a given bed (that has its maximum thickness in the north)
is compensated for by the thickening of the contemporaneous beds of the south-
ern facies; thus, there is no change in the total thickness of the larger
stratigraphic units. He holds that the steeper dips in the vicinity of the
fault are due to stronger deformation in that area.

Two strongly contrasting views as to the manner and time of ore
emplacement are given by Schultz (1966) and Boast and his colleagues (1981).
First, to surmarize that of Boast; sulfides occur at the same stratigraphic
level and were deposited at the same time as the Iron formation (as many
geologists, of whom Derry was the first and Boast and his colleagues the
latest, contend). Schultz, however, reports that sulfides occur not only at
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the same stratigraphic level as the Iron formation but also well above and
below it in both the Reef limestone and the Lower limestone and the Calp.

The total stratigraphic range of the base-metal sulfides and barite (not
always in ore grade and dimension) along over 2100 m of fault length is well
over 300 m, essentially throughout the entire lower Carboniferous sequence

in the Tynagh area. Minor sulfide-barite mineralization also is observed

in the 01d Red sandstone of the footwall of the fault. Although mineable
bodies of ore, thus far, have been found only in the Reef or Bank limestones,
Schultz believes that, except for the shale and very argillaceous limestone,
any stratigraphic level that abuts the fault may be well mineralized.

Schultz also points out that the Iron formation and the sulfide-barite
deposits show quite different modes of depositon. The Iron formation almost
certainly (in both the opinion of Schultz and of Boast and his colleagues)
was sedimentarily accumulated on the sea floor, there undergoing later
diagenetic modifications. The hematite in the red limestones also is
sedimentary (syngenetic) with the carbonate rocks. Further, authigenic
pyrite must bear a sedimentary-diagenetic relationship to the Timestones.

Schultz adds, however, that, in the primary sulfide-barite deposits, no
such syngenetic relationships to the host limestones are to be seen. As
described by Derry and his co-workers (1965), the ore minerals normally
exhibit features typical of cavity fillings, and these cavity fillings are
in post-lithification fractures, breccia voids, and solution cavities that
cross cut Stromatactis and other primary and diagenetic features, including
late-diagenetic recrystallization fabrics. Layered structures in the sul-
fides exist at any orientation from parallel to normal to observed geopetal
fabrics in the primary sediments, including those structures typical of those
in the Iron formation. Whereas deposition in the Iron formation is repeti-
tive, that in the sulfide-barite ores is not.

Also, there has been much actual replacement of limestone (normally
first altered to iron-bearing dolomite) and of older ore minerals by younger
ones. MWhen the ore bodies are followed from the weakly mineralized fringes
to the high-grade centers, all gradations can be seen from thin sulfide
1inings in calcite-filled solution cavities and veinlets in unreplaced
limestone to massive ore in which most of the original limestone has been
replaced by sulfides and barite.

Schultz considers the order of deposition to have been: (1) replace-
ment of limestone by iron-bearing dolomite, probably partially contempor-
aneous with cavity-filling pyrite-marcasite; in this altered limestone,
authigenic and framboidal pyrite have been segregated, with other non-
carbonate impurities, at dolomite crystal boundaries - this iron-bearing
dolomite is older than the ore minerals that replace it, thus making the ore
minerals even older than the authigenic pyrite; (2) pyrite-marcasite mainly
as colloform and crustified cavity 1inings and fillings - much fractured
before the deposition of the other sulfides - marcasite now very minor but
much of the original marcasite has been converted to pyrite; (3) sphalerite -
microgranular aggregates are common but some cavity fillings have colloform
textures; adjacent to the cavity fillings both the iron-bearing dolomite and
limestone have been extensively replaced by sphalerite as have those minerals
where they form the wall rocks of fractures; (4) barite, overlaps somewhat
with sphalerite - locally achieves very extensive replacement of carbonates -
weight percentage of barite about double that of sphalerite and galena
combined; (5) copper minerals, first chalcopyrite, then the much more common
tennantite-tetrahedrite - locally enough copper minerals to make copper ore;
(6) galena - very broad overlap with barite, and (7) calcite, locally late
calcite has replaced in part all sulfides but most affects sphalerite. This
late calcite (7) was followed after post-mineral fracturing, by an even later
calcite - these fractures cut both mineralized and unmineralized rocks
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equally. Minor arsenopyrite precipated near the end of the iron di-sulfide
stage. Many sulfosalt minerals (such as bournonite, enargite, meneghinite,
pyrargyrite, polybasite, and stephanite, plus others not identified) are in
microscopic quantities largely in galena and tennantite-tetrahedrite.

Sulfide-barite mineralization was most intense in pure limestones,
particularly the fine-grained type, that lack argillaceous and carbonaceous
matter; these last are poorly mineralized throughout the district except
near main and minor faults. The close association of the sulfide minerals
to their Carboniferous host rocks argues against the syngenetic depositon of
the ores. Had the ores been so deposited, the high sulfide-ion content of
the sea water would certainly have reduced and modified the shells produced
by the Tife forms attempting to live in this inimical environment if it had
not obliterated them altogether. It must be emphasized (Schultz, 1966) that
the ores are not strictly strata-bound, much less stratiform, as is true of
the Iron formation. Further, in contrast to the beds of the Iron formation,
the distribution of the sulfide-barite mineralization is co-extensive with
the plane of the Tynagh fault rather than with the sedimentary facies.
Moreover, the extent and the intensity of mineralization decrease with
distance from the fault (to the north); near the fault even the least
favorable rocks may be fairly heavily mineralized, whereas away from it even
the most favorable beds are barren. The ore and sedimentary-rock features
are disharmonious to each other on a small scale, whereas the ores are
closely related to post-lithification faulting and associated rock deform-
ation and not to the sedimentary events or features.

Schultz points out that a contemporaneous emplacement of the sulfide-
barite ores and of the ironstones would imply that the solutions emanating
from the sea-floor springs were capable of depositing Fet3 away from the
fault but precipitated Fet? only a few tens of meters away from the area in
which the ironstones (with their ferric ion content) were being laid down.
Schultz sees no sign of a transitional phase between these two components of
the imaginary system proposed to deposit both types of metal-rich material
contemporaneously.

Riedel (1980) is in general agreement with Boast and his colleagues as
to the manner of the formation of the Tynagh ores, and he relies on much the
same items of evidence. The major exception is that Riedel postulates a
N-S fracture as the channelway through which the metal-bearing solutions
entered the area. This is somewhat the same concept for this entry as I
propose later in this discussion, but Riedel considers that all ore-metal
bearing solutions came through this N-S fracture into the area over much the
same time span as the sedimentary formation of the various carbonate beds
were being deposited. This means that, if Riedel is correct, both the Iron
formation and the ores were syngenetic or early diagenetic in relation to the
carbonate, whereas, I think that both the iron-rich and non-ferrous metal-
rich ore fluids came from much the same source, but, coincident with the
change in character of the ore fluids from iron- to iron- and non-ferrous-
metal rich, the Tynagh fault became available to channel the upward movement
of these fluids. Obviously, both of these concepts are irreconcilable, and
a decision as to which is correct can be made only after a thorough study of
the evidence presented in the various papers cited in the Tynagh bibliography
at the head of this discussion.

Riedel considers that the following features point to the correctness
of his hypothesis: (1) the location of the center of the Zn-Pb ore body in
the center of Zone II (a zone directly related to the Tynagh fault, with its
long dimension perpendicular to Riedel's supposed N-S fault but with the
long dimension of the ore body being parallel to the Tynagh fault); (2) both
the abundant copper mineralization and a complex Pb-Fe-Cu-As-Ba-Zn associ-
ation are centered where the supposed N-S fault cuts the Zone II ore body;
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(3) the highest Hg content in the sphalerite concentrates is similarly
centered; (4) the maximum thickness of the Iron formation also is similarly
centered; (5) a depression valley formed at this center during the develop-
ment of the Iron formation; and (6) the maximum Mn content in the limestones
also is so located.

0f course, there must have been a line of hydrothermal springs during
the development of the Iron formation, a 1ine that oriented the Iron form-
ation in a generally N-S direction and channeled manganese locally into that
formation. But these springs were superceded as a channel for rising hydro-
thermal fluid with the development of the Tynagh fault, explaining the E-W
orientation of the ore bodies. With the exception of the non-ferrous metals,
the ore fluid that came up along the Tynagh fault was much the same in
composition as that that reached the sea floor through the line of earlier
hot springs as is indicated by the presence of much the same accessory and
trace elements in both Iron formation and ore.

Riedel dismisses the obviously epigenetic characteristics of much of
the ore as the results of ore fluids moving (percolating) through the un-
lithified sediments thereby destroying primary sedimentary structures.
Surely, it is equally possible that these textures were destroyed by meta-
somatism caused in the lithified carbonate rocks by the later ore fluids.
Riedel fails to realize that ore fluids of high-enough temperatures to
deposit the minerals of the primary Tynagh ore would have been so hot that;
(1) if they did reach the sea floor in liquid form, would have killed
bacteria capable of reducing $*¢ and (2) probably would not have reached the
shallow Tynagh sea without boiling and dumping their loads within the older
solid rocks through which they passed (Ridge, 1973). In short, the mineral
suite of the Tynagh deposit could not have formed if the ore fluids had
brought the non-ferrous metals to the sea bottom during the period of
carbonate sedimentation. Instead, the rock volume being metasomatically
mineralized must have been covered with a considerable thickness of lithified
carbonates (see Ridge, 1973) if the ore fluid was to have reached the rock
volume where the ores were deposited without having suddenly lost their
ore-metal loads at an appreciable depth below the sea floor.

A further argument for the epigenetic introduction of the sulfide ores
is given by Williams and McArdle (1978) who point out that the close
association of metallic sulfides with the large and varied suite of fossils
found in the Reef limestones demonstrates that the ores could not have been
introduced at the same as that at which the fossils were living. Had the
sulfur of the ore sulfides been formed by bacterial reduction the large
quantity of metals and sulfur that must have been present during ore
deposition certainly would have had a strongly deleterious effect on the
organisms producing the fossils, probably killing most of them off before
they could have developed on the large scale in which their fossii remains
occur in the Reef limestone and certainly badly stunting their growth, a
condition of which no evidence is known.

Boast and his colleagues (1981), on the contrary, suppose four stages
in the formation of the Tynagh ores: (1) growth of colloform and granular
pyrite clots during early diagenesis of the micritic host; (2) rapid geopetal
precipitation of microcrystalline sphalerite, galena, barite, and dolomite
within a dilatant fracture system that developed as a consequence of the
forceful injection of metalliferous fluids into the coherent (partially
lithified) Waulsortian mudbanks adjacent to the Tynagh fault; (3) veining and
replacement of the host rocks and previously precipitated phases by
tennantite, chalcopyrite, bornite, coarsely crystalline galena, and coarse
sparry barite, and (4) precipitation of calcite within veinlets and cavities
and dolomitization of large bodies of previously unmineralized Waulsortian
limestones.
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Russell (1975) draws the following conclusions from his study of 1itho-
geochemical environment of the Tynagh deposit: (1) major-element-geochemistry
of the Tynagh Iron formation is similar to that of iron deposits of exhalative
origin; (2) high trace-element concentrations in the Iron formation, particu-
larly Ba, Pb, and Zn contents of the distal, manganiferous layer, suggest
that an exhalative source supplied these metals; (3) the manganese aureole in
the Waulsortian Timestone is so extensive that an epigenetic dispersion must
be ruled out - Russell holds that this aureole reflects manganese enrichment
in the sea water of lower Carboniferous time around the Tynagh emanative
center; (4) the hydrothermal system was active throughout the time of
Waulsortian limestone deposition; (5) the Iron formation, the syngenetic
enrichments of manganese and zinc in the Waulsortian limestone, and the
epigenetic Pb-Zn-Cu-Ag-BaS0, deposit were derived from the same mineralizing
solutions; (6) the east-west fault zone was in existence in mid-lower
Carboniferous time - the fault scarp provided a topographic barrier, largely
allowing trace-element dispersion into the sea water only to the north of
the fault.

Probably Russell's most important conclusion is that the base-metal
deposit is essentially post-lithification. He thinks, however, that this
lithification may have been achieved within a few years after the carbonate
mud was deposited in the Tynagh basin.

Boast and his colleagues (1981}, in an effort to determine where the
sulfur in the sulfides and in the barite came from, isotopically analyzed
193 sulfur samples with their greatest emphasis on the sulfides of stage 2
and 3 in their sequence (see above). Stage 2 was, according to Boast,
geopetal precipitation of microcrystalline sphalerite, galena, barite, and
dolomite. This contrasts with Schultz' separation of what seem to be the
same sulfides into: (a) sphalerite, (b) barite, (c) copper minerals, and
(d) galena {with very broad overlap with barite). It would seem that
Schultz can see a more ordered sequence of precipitation than did Boast, and
that Boast considers that the copper minerals definitely followed the geo-
petal precipitation of his stage (2) but with galena present in that
precipitation, whereas Schultz does not admit the formation of galena until
after that of the copper minerals. Short of another detailed study of the
paragenesis of the Tynagh sulfides (and perhaps not then) can the differ-
ences between the paragenetic work of Schultz and of Boast and his
colleagues be reconciled. But the results of both the single author and the
author group do agree that the sulfides were formed in a narrow time-connected
sequence, so that sulfur-isotope work on these minerals {and on barite) may
provide the basis on which to judge the ultimate source of the sulfur in these
minerals. Isotope ratios that they determined from the stage (2) sulfides
closely approximate normal distribution, that is -4.1 to -26.0 per mil.

These authors can find no correlation between these isotopic ratios and host
lithology, elevation, distance normal to the fault, or distance along strike
of the Tynagh fault. Coprecipitated sphalerite and galena {(according to
their determination) have such different ratios that they cannot be con-
sidered to be in isotopic equilibrium. If Schultz' sequence of precipitation
is considered to be correct, and coprecipitation is not of major importance,
the differences in isotopic ratios from one mineral to the other would mean
far less than they do if they were coprecipitated. But either way, there is
no denying the wide range of isotopic ratios in the sulfurs in the main
stage of sulfide precipitation at Tynagh. Barites deposited in this same
stage of main sulfide precipitation have a much narrower range of delta-3%S
values. This convinces Boast and his colleagues that the sulfur in the
barium sulfate came from the water of the sea. Therefore, the barite either
was deposited directly on the sea floor or sea water circulated down and
mingled with that water that rose from below and carried the barium ion as
well as the metal ions of the sulfides. The wide range of delta-3%S values
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in the sulfides suggests to Boast and his co-workers that they resulted from
kinetic fractionation of sea-water sulfate and did not derive from sulfide
jon brought along with the metal ions. Yet any sulfur brought with the
metal ions must have undergone reaction with its surroundings and well may
have been oxidized in its upward journey from its source wherever that may
have been. If the sulfide ions accompanied the metal ions in complex form,
a concept for which I have argued for a long time (Ridge, 1968, 1980), the
excess sulfurs must have been removed, and this removal must have been
strongly aided, if not entirely controlled, by oxidation of sulfur and con-
comitant reduction of (probably)} ferric ion.

As the Iron formation almost certainly was deposited at the same time
as to surrounding Waulsortian (or Reef or Bank) limestone, this indicates
that an iron-silica-rich solution was reaching the sea floor before the
almost certainly epigenetically deposited sulfides. It is probable,
however, that this iron-silica solution came from the same general source as
the later sulfide-depositing ore fluid. This ore-forming fluid probably
continued to carry abundant ferric iron, as it had done when the Iron form-
ation was being deposited, but most of that ferric iron was reduced in the
oxidation of S-2 [see equation (1) below] as is witnessed by the abundant
iron di-sulfide in the deposit and appreciable iron in the epigenetic
dolomite produced from the primary (and sedimentary} limestone. At certain
times, the iron-silica solution was quite rich in manganese as is shown by
the manganese-rich layer in the Iron formation. Such manganese, if present
when the sulfides were being deposited, would have aided in the oxidation of
sulfur.

A question yet finally to be decided is: was the Tynagh fault in exist-
ence at the time the Iron formation was being developed? Probably it was
not or a more definite connection would exist between the Iron formation and
the fault. That the iron-silica solutions that produced the Iron formation
probably came from the same source as the later sulfide-depositing ore fluids
is shown by the abundances of such trace elements as barium, lead, and zinc
as were revealed by Russell's work (1975). Later, after much, or probably
all, of the Waulsortian at least had been deposited and 1ithified, the
character of these solutions changed and they moved toward the surface
through the newly (?) created Tynagh fault to deposit the epigenetic sulfide
ores of the Tynagh ore body. This ore body lacks direct spatial or
temporal connection with the Iron formation, but it is highly probable that
the iron-silica-rich fluids that reached the sea floor to deposit the Iron
formation were an earlier expression of magmatic activity at depth that was
later the parent of the ore fluids that produced the Tynagh deposit proper.

This new type of solution came up along the Tynagh fault and worked its
way out into the rocks on the north side of that fault, depositing the
sequence of sulfides, barite, and calcite, in the beds more favorably
constituted, chemically or physically, for the reception of such mineraliz-
ation. The presence of small, but significant amounts of the same mineraliz-
ation in stratigraphically lower and higher limestones indicates that the
actual primary mineralization at Tynagh was appreciably later than the 1ithi-
fication of the Reef limestone (Schultz, 1966; Russell, 1975).

The amount of sulfate ion in the sea water at the time of the deposition
of the Tynagh sulfides, if sea water was able to mix with the rising hydro-
thermal solutions, may have provided the sulfate ion for some of the barite,
but most of that ion almost certainly came from the oxidation of sulfide
sulfur through its reaction with ferric jon as is shown in equation (1) that
follows:

(1) 8Fe*3 + 572 + 4H,0 = 8Fe*2 + S0,72 + 8H*1,

The opportunity for any appreciable amount of sea water to work its way down
into the channelway provided by the Tynagh fault against the rising hydro-
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thermal (sensu latu) fluid would not have been good even if the sulfate ion
content of the sea water had been high enough to have made a significant
contribution to the formation of barite could it have come in contact with
barium ions.

The question remains, of course, can the fractionation of sulfide sulfur
produce delta-3“S values in the sulfate sulfur comparable to those that are
present in the Tynagh barites? The fact that all of the sulfur in the sea
ultimately had a magmatic source shows that oxidation during hydrothermal
processes is capable of having profound effects on the delta-3"S values, and
these well may be sufficient to produce the fractionation necessary to pro-
vide the delta-3"S values of the Tynagh barite.

In many instances, hydrothermal ore deposits (in the strict sense) have
delta-3"S values that center closely around the Diablo Canyon standard, but
many others, almost equally as certainly deposited from hydrothermal fluids
that came from great depths and presumably from magmatic sources, have
delta-3"S values that range widely from that standard. Normally, these
departures from the standard are thought to have resulted from the incorpor-
ation of sulfide ions produced by bacterial reduction of sea-water sulfate.
In 1980, I attempted to show that the reactions that effect hydrothermal
fluids on their way to the earth's surface can change appreciably the
delta-3"S values with which the ore fluid is supposed to have left its parent
magma chamber. It is universally accepted that the ore fluid reacts with
the rocks through which it passes, with the minerals it has deposited
previously, and within itself, yet it seldom has been suggested (McKinstry,
1957 is an exception) that we do not know enough about this process of
fractionation to assume that the reactions that occur in hydrothermal fluids
cannot affect it. In some instances, the effects essentailly balance each
other, but, in others, the effects appear to be pronounced (Ridge, 1980).
Thus, to assume that reactions in hydrothermal fluids did not affect the
delta-3S values of the sulfur in that fluid is to make an assumption so
gross as to put all conclusions based on it into a realm of considerable
uncertainty.

Similar problems obtain when the isotopes of oxygen and carbon are
studied, although it is certain that the effects of fractionation during
hydrothermal activity are appreciably less than for sulfur simply because
sulfur valances in hydrothermal fluids range from 2- to 6+ and those of
oxygen and carbon are essentially constant at 2- and 4+, respectively.
Despite some suggestions that the oxidation of 0-2 is carried out in hydro-
thermal fluids to a major degree, I have yet to see proof that this pheno-
menon occurs on any major scale in any specific hydrothermal solution unless
it be by the dissociation of nitrogen-oxygen complex ions (Ridge, 1956). So
far as carbon and oxygen in rocks and ores in a sulfide deposit in carbonate
rocks are concerned, the chances for isotope fractionation of either of the
elements is so great that any departure from the SMOW values well may have
been achieved in the reactions within the hydrothermal fluids or by reactions
with the carbonate ions already present in the wall rocks and breccia frag-
ments. The analysis of data on isotope ratios of carbon or oxygen determined
on specimens of ore or wall-rock carbonates has so many variables to consider
that it is questionable if the mechanisms now exist for the solution of the
problem of how the fractionations that appear to have occurred can be made
to tell a coherent story as to the conditions under which the ore deposit
was formed.

The last few paragraphs are, of course, a degression from the strict
study of the Tynagh deposit, but they are pertinent in that they effect the
interpretations made from the isotopic ratios obtained by spectrographic
analysis of the isotopes of sulfur, oxygen, and carbon in any ore deposit
in general or Tynagh in particular.

RAB-C*
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Boast and his colleagues (1981) conclude from their studies of carbon and
oxygen isotopes at Tynagh that a depletion in 13C can be charged to the mixing
of host-derived carbon with bacterially oxidized carbon, plus, during their
stage (4), the precipitation of calcite within cavities and in veinlets and
the dolomitization of previously unmineralized Waulsortian limestone. The
180 depletion of the mineralized host is a consequence of an isotopic ex-
change with the ore fluids. An oxygen-isotope-fractionation temperature of
200°C and a delta-3%0 (SMOW) value of 10.5 per mil for the coexisting water
is obtained from a single-stage (3) quartz-albite pair collected from the
fault zone. If these values are accepted, they say, the delta-180 values of
the stage (3) carbonates can only be interpreted in terms of mixing of this
isotopically heavy water introduced from the fault with isotopically lighter
water already present in, or migrating through, the bank limestones. This
well may provide the necessary explanations, but it does not have, I think,
the certainty about it that Boast and his colleagues assert.

Nothing has been said so far in this discussion about the manner in
which the residual ore that provided the initial discovery of the Tynagh
deposit was formed. Fortunately, the study on this subject by Morrissey and
Whitehead (1970) presents a well-reasoned and certainly sound approach to
the problem. These authors believe that the stratigraphy of the transported
portion of the residual deposit suggests that the deposit commenced to
develop when mineralization in the Waulsortian limestone (the top of the
primary mineralization) was exposed when the land surface was 6 to 20 m
higher than the present surface. This exposure of sulfide mineralization
probably took place in the late Tertiary when the climate was quite humid and
the air temperature was somewhat higher than it is now. Seventy-five per
cent of the residuum by volume is composed of barite, quartz, and clays; the
most abundant minerals containing the ore elements are sulfides and carbonates
of lead, zinc, and copper. Altogether 38 supergene minerals have been
identified, 21 containing essential lead, zinc, copper, or silver. The age
of the residuum may be as late as Plio-Pleistocene but may be as old as mid
Tertiary. The weathering to produce a sulfide-rich residual body probably
was made possible by a near-surface water table, the concentrated character
of much of the mineralization, the high purity of the host limestone, and
the fractured nature of the ore body. These authors consider that the shape
of the residual body was controlled by the differences in rock chemistry
from one part of the ore body to another.

Most of the residuum was produced below the water table where acid
ground water dissolved an elongate cavity in the limestone in which the
western half of the residual ore body later was contained. Somewhat later,
solution and subsidence of limestones in the eastern part of the area pro-
duced a second large cavity. The two bodies were partially separated by a
particularly resistant body of massive ore; the upper part of this body
eventually was converted to gossan.

The main depressions were deepened by selective decomposition of the
mineralized limestones, and disaggregated primary ore fragments were drawn
into them by gravity. Some of these fragments were boulders weighing
several tons. At the same time, considerable amounts of mud from the over-
lying Calp slid down into the depressions, mainly from their north side, and
were mixed in various proportions with the primary ore fragments. In places,
the Calp mud, sulfide rubble, and clay became interstratified and inter-
fingered. Some of the finer-grained materials that were water transported
settled in pools of quiet waters; the materials, after deposition underwent
subsidence.

As the main depressions became filled with residuum, this material was
differentially compacted and, as the underlying limestone continued to be
dissolved, local depressions were produced on the surface of the residuum.
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These, in turn, were filled with new and reworked residuum to form structural
complexities that the authors say defy brief description. Glacial melt water
may have contributed to the physical reworking on the residual material. At
least two ice sheets crossed the area, but they seem to have had little
effect on the deposit except to remove a little material that was redeposited
as an extensive dispersion fan.

The main directions of groundwater movement were downward and northward
with the water table apparently being gradually lowered. The downward moving
ground water reacted continuously with the residuum and changed its character
considerably by decomposing residual sulfides and moving large quantities of
metal toward the margins of the residual body. Several species of supergene
sulfides were formed during such movement. Local enrichment in copper and
cadmium was so produced, and Calp mud bordering the heavily oxidized center
of the deposit was enriched in silver, probably with the deposition of
acanthite. Supergene galena was widely distributed in the residuum as micro-
scopic-sized replacement coatings on the sphalerite. Numerous fragments of
timber were replaced by zinc and cadmium sulfide (but not by lead sulfide).

With the passage of time, the formation of supergene sulfides declined,
and the supergene sulfides already present became unstable; most of the
surviving galena of this type is corroded and partly replaced by cerussite,
and both cerussite and smithsonite are widely present in the dark residual
material. Only, however, where the residual material has been most heavily
oxidized are the primary sulfides completely oxidized; the most highly
oxidized material was classified, for processing purposes, as oxidized ore.

Even after mining began, supergene sulfides of several metals
apparently continued to form in the residual ore; pyrite is known to have
formed in the 18 months after stripping and before mining because dead newts
were found to have been pyritized.

Much secondarily dissolved metal was reprecipiated when it reached the
limestone wall rocks. In pure limestone lead, zinc, and copper were
reprecipiated as carbonates; in impure limestones, small quantities of such
minerals as hemimorphite and dundasite [PbA1,(C03),(0H),+2H,0] were formed.
About 250,000 tons of smithsonite ore (Zn content, + 20%) were developed in
this way. Cerussite and malchite were deposited at the eastern end of the
deposit; smithsonite formed at the western end. The envelope of metal-
enriched wall rock ranges from less than 0.5 m to more than 15 m in width;
its development probably continued for at least 2 million years.

As the deposit was raised above the water table, the body of massive
primary ore between the two parts of the residual body was changed to gossan.
Some gossan also was formed below the water table, particularly in the south-
east quarter of the deposit. In such volumes of high ground-water flow, some
metal carbonates became unstable and were converted to such minerals as pyro-
morphite and beudanite [PbFe3(AS0,)(S0,)(0H)¢]. Lead, zinc, and copper were
greatly leached from the gossans, but gossans formed from primary ore rich in
galena and/or tennantite normally are high in silver, certainly as the native
metal and perhaps as cerargyrite or argentojarosite; the native silver is
alloyed with up to 30 per cent of mercury, the mercury probably having been
derived from the tennantite.

The processing of this residuum was complicated by this material having
been transported from one volume of the ore body to another after, and while,
it was undergoing the various types of alteration already discussed. Various
materials in various degrees of alteration occur mixed and interstratified
with each other; accumulations of gossan, for example, acted as aquifers,
thereby intensifying the subsequent attack on the materials that surrounded
them.

If all papers describing geologic phenomena were as clear and well
written as this one by Morrissey and Whitehead (1970) that has just been
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summarized here, the compilation of such a volume as this would be far less
difficult than it usually is.

The residual ore would not have been developed, at least not in its
present form and mineral character, had the primary deposit not been exposed
to the humid and warm climate that was maintained over at least 2 million
years. Its age almost certainly is late Tertiary and must be classified as
Ground Water - B2.

The mineralogy of the primary ore is such as to suggest that it cannot
have been formed under conditions more intense than low-intensity meso-
thermal; the moderately abundant amounts of tennantite-tetrahedrite associ-
ated with galena, plus the wide variety, but small amounts, of sulfosalts,
indicate leptothermal conditions of deposition as well. The association of
primary silver with both galena and tetrahedrite also confirm the lepto-
thermal classification. The sphalerite and barite being earlier (according
to Schultz, 1966) than galena and tetrahedrite-tennantite probably put that
portion of the mineralization in the lower mesothermal range. The silver in
the galena and its close association with tetrahedrite appear to bar any of
the mineralization from the telethermal range. The primary ores, therefore
are classified here at Mesothermal to Leptothermal. Obviously, if the ore
was not deposited hydrothermally after the lithification of the host rocks,
it would have to have been deposited by volcanic exhalations in which event
the primary ore would be categorized as having been introduced by the intro-
duction of fluid igneous emanations and water-rich fluids category IIA3.
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Notes

The tin deposits of southwestern England are mainly in the county of
Cornwall but with some being in western Devon. In general, the deposits are
spatially associated with five major granite bodies that outcrop in the
mineralized area. The deposits in Devon are grouped in the vicinity of the
Dartmoor granite, but they are of minor importance in comparison with those
of Cornwall proper. The four Cornish granites are (from northeast to south-
west) those of Bodmin Moor, St. Austell Moor, Carnmenellis, and Land's End.
It is difficult to estimate if more tin was recovered from lodes in the
granite or from those in the surrounding metamorphic rocks (the Killas), but
it seems fairly certain that essentially all the copper ores was mined from
lodes in the killas.

Mining for metals has been carried out in Cornwall for probably 3000
years with much of the tin recovered (first from placers and later by surface
mining of secondary deposits) being transported across France to the Mediter-
ranean area where its use in the making of bronze appears first to have been
discovered. Underground mining is thought not to have begun until the time
of the Romans, but the evidence for this is not definitive. The first
records of such mining activity began to be kept by the end of the 12th
century with such operations having continued almost without interruption to
the present day. The time of maximum production, of tin, copper, and
arsenic, took place in the latter half of the 19th century. K. E. Beer
(1978) estimates that the southwest of England has produced about 2.5 million
tons of tin and some 2.0 million tons of copper. Tin production has been no
more than a few thousand tons a year in the 1970s with the highest annual
total coming in 1973 when over 10,000 tons of that metal were recovered.

The wide scattering of Cornish miners to the corners of the earth began with
the closing of the Cornish copper mines well before the turn of the century
and continued as the tin mines became exhausted in the 20th century. Beer
believes that the total value of Cornish mineral output to the late 1970s
would be about US$35 billion at present day prices. Although China clay is
not discussed here, it has added much to the total value of Cornish mineral
production, at the rate of about US$100 million a year during the 1970s, and
the industry is the largest employer in southwest England.

In 1975, the five mines then operating in Cornwall produced, as metal in
concentrates, 3330 tons of tin, 562 tons of copper, 3092 tons of zinc, and
2600 kg of silver. This is a lower figure for tin than is given early in
the discussion in the section of the Northwest Europe Volume on the United
Kingdom. The two largest producers of tin (over the entire lives of the
mines in question) were Dolcoath mine with 93,500 tons of tin (and 355,500
tons of copper) and East Pool and Agar mine 92,750 tons of tin (and
41,000 tons of copper).

It appears probable, if the Cornish district had been operated as
a single entity over the duration of its life that: (1) production would
bave been far higher than it was or (2) reserves would be much larger than
they are now known to be. With more than 400 mines known to have produced
tin during the history of the district, and almost all of these separately
owned, it would be surprising if huge tonnages of ore had not been left in
the ground, a large percentage of which probably never will be recovered.

The Cornish peninsula trends northeast-southwest; along the south-
eastern side three minor peninsulas are attached to the major one. These
are the Lizard, Dodman, and Start, all of which are now thought to be the
outcrops of a single overriding plate driven up from the southeast. These
remnants of the thrust block do not contain tin and need not be considered
in connection with the Cornish tin deposits. The Devonian and Carboniferous
sediments that make up the basic framework of the Cornish peninsula are
essentially non-carboniferous and normally are lacking in fossils and marker
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beds. Into these were introduced pre-granite mafic and ultramafic intrusives
now metamorphosed to the greenstone facies. Into these sediments and mafic
bodies was intruded, in Permo-Carboniferous times, a huge batholith of which
the five batholiths mentioned above are outcropping cupolas. With this
batholith are associated minor dikes and veins of granites and lamprophyres.
Contact alteration has affected both the sediments and greenstones adjacent
to the granites.

The Cornubian batholith is estimated to be about 370 km long, but 160
km of this are believed to be the southwestward extension that lies under
the sea. Its exposed length (210 km) extends from the Scilly Isles to
the southwest to Dartmoor in Devon on the northeast. This granite was not
intruded in one huge mass but was polyphase in origin. Its surface is
molded into ridges that locally extend upward into cusps or "high spots" that
were formed by the lower surface patterns of the invaded rocks. The trend
of these granite ridges in the southwest of the region is northeast-south-
west, but, in the northeastern part, the trend has changed to approximately
east-west. The cusps appear to have been produced where NE-SW and E-W
granite-invaded antiforms metand possibly where the antiforms are cut by faults.

Small bodies of aplite and granite related to the main granite largely
lack heavy minerals and have no content of tin. Opposed to these bodies,

a large number of microgranite (usually porphyrytic) dikes are called
"elvans" and were emplaced after the main granite. These bodies usually bear
a close spatial association to tin lodes. The elvans are major structures
that may be several kilometers in length and may be more than 30 m wide;
normally, they strike about parallel to the adjacent granite ridges. The
strike of the elvans also is essentially that of the tin-bearing lodes and
veins.

The marine and deltaic lower Devonian to upper Carboniferous (West-
phalian) slates, shales, sandstones, limestones, and volcanic rocks into
which the granites were intruded retained their regional strike with only
slight, if any, change. The rocks, regionally metamorphosed to the green-
schist facies, were well folded and underwent drastic structural deformation.
Three major fold phases have been recognized (Dearman, 1971) in the west
and south of Cornwall but only two have been recorded in other parts of
Cornubia. Dearman, through the latest age determinations, was able to find
a limited southern zone of Bretonic folding (with a Caledonian trend) that
was partly masked by a more broadly based east-west folding in Variscan
time. The third type of folding was provided by the tecton thermal effects
of batholith emplacement (Beer, 1978). Freshney (1965) believes that a
slowly rising magma well may have been the cause of not only the flat-lying
third-stage folds but also for low angle faults that cut all earlier
structures. Stone (1971), however, thinks that the exposed granite bosses
appear to have been introduced passively through large-scale stoping of the
rocks through which they passed. Beer and his colleagues (1975), however,
are of the opinion that Hosking's concept (1964) of ridges and cusps (see
above) may be oversimplified in attempting to correlate the roof form of the
batholiths with pre-existing folds in the country rock.

During the cooling of the granite magmas in the Cornish batholiths,
however, Hosking suggests that the complex pattern of joints already produced
in the invaded and metamorphosed Devonian to upper Carboniferous sediments
by the earlier multiphase folding was reactivated to cut the granites as well
as the older sediments and thereby provided channels of the emplacement of
the silicic porphyry dikes (the elvans) and the ore~forming solutions that
came in later. These fractures were opened and then filled several times so
that the development of both elvans and veins was a multi-phase operation.
This repeated dike and vein filling may have been in part controlled by the
settlement of fractured blocks between the fracture or fault lines that
strike in the general northeast-southwest trend of the Cornish structures.
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The major development of ore lodes and veins took place in vein-swarms,
all of which are bordered by greisen (that is, quartz-muscovite-or-lepi-
dolite-topaz-tourmaline high-temperature alteration products of the granite).
In many places, these greisen-bordered veins contain cassiterite and
wolframite in sufficient abundance to be mineable as ore. As would be
expected, these greisen-bordered veins are later than the granite intrusions
in which they are contained or near which they have been developed in the
adjoining killas. Nevertheless, the polyphase character of the granite in-
trusions makes possible the emplacement of such veins after one stage of
granite intrusion and their attack by a later stage of intruded granitic
magma. As at Castle-an-Dinas, a tungsten-rich lode that includes quartz and
1611ingite was cut by a tongue of granite that appears to have assimilated
some of the lower portionof the lode, subsequently redepositing a heavy-
mineral-rich granite halo in front of, and around, that portion of the
original lode beyond the igneous tongue. Another example was found in the
Great Wheal Fortune mine where a group of cassiterite-bearing veins was
faulted by an elvan; other lodes either post-date or pre-date certain elvans.

Hosking (1970) thinks that ore structures associated with the apices of
granite cusps were earlier than the lodes located on the flanks of the gran-
ite ridges. He is of the opinion that the ore fluids that filled the cusp-
related vein swarms and other structures were developed from the last resi-
duum of the crystallization of the granite magma from which the cusp was
formed. On the contrary, the flank-lode ore fluids were produced at depth
in the main mass of the granite batholith and migrated upward to deposit in
the flank lodes. In both situations, the mineralogical character of the ore
bodies formed depended on when, during residuum development, the ore fluid
left that portion of the magma and when it arrived in the structure where it
deposited its load. Hosking gives examples of cusp deposits that may consist
of: simple pegmatites, feldspathic veins with wolframite and arsenopyrite
as ore minerals; greisen-bordered veins that do not contain feldspar but may
include cassiterite, wolframite, and various sulfides; and quartz veins
without greisen borders.

He considers that the processes of ore formation may be complicated by
a re-opening of greisen-bordered veins (in cusps?) during the period of
flank-bordered vein-formation. As an example he mentions some of the
greisen-bordered veins at Cligga Head (a minor granite boss on the north
coast of Cornwall) in which sulfides, such as sphalerite, were deposited after
a vein re-opening. Inthe South Crofty mine, he reports that early vein
swarms (quartz-feldspar-wolframite-arsenopyrite) were intersected by faults
of a later age that were filled by cassiterite-stannite-chalcopyrite-
sphalerite mineralization, and some of this mineralization entered into the
veins of the earlier dike swarm.

Vein swarms in killas, Hosking believes, are associated in most in-
stances with late-phase granite cusps beneath the swarm area. An example
of two-stage deposition in a dike swarm in killas is known from the South
Crofty mine where a quartz-K-feldspar-wolframite-arsenopyrite body was later
a location of cassiterite-chlorite-fluorite depositon. Hosking suggests
that the abundance of chlorite indicates that the ore fluids in this case
came from the same source as the chlorite-rich flank lodes. Hosking also
points out that some of the killas vein swarms, although they have the
typical character of greisen-bordered tin-veins, the vertical extent of their
contained tin mineralization is only a 100 m or so; thus, they may well
actually be equivalent to flank lodes.

The point should be emphasized, as Hosking does, that tin-bearing lodes
and veins normally were re-opened several times with the mineralization de-
posited after each re-opening being appreciably different from that which
preceded and followed it. The average lode is structurally more complex
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than a greisen-bordered vein swarm and was reopened more often. Further, the
relative movement of wall rocks is common in lode ore bodies whereas in
greisen-bordered veins such movement is rare.

Many of themineral species in both types of tin ore bodies are common
to both but an appreciably larger number has been reported from the tin
lodes. For example, galena is most rare in greisen-bordered veins and anti-
mony minerals have never been found in them. The order of deposition in
both swarms and veins is normally much the same; both may exhibit primary
zoning, but it is much more apparent in certain lodes than in any vein swarms
Both types of deposits show marked telescoping of their minerals, and wall-
rock alteration is much more prominent and complicated in surroundings of
lodes than in those of vein swarms,

Some of the minerals probably deposited at moderate (mesothermal)
temperatures (low-temperature sphalerite, galena, siderite, and sulfosalts)
may be present in the higher portions of tin lodes or may even be in
independent veins with strikes parallel to those of the tin lodes with which
they are associated. Most of these moderate-temperature lodes, however, are
in lodes that strike at about right angles to the main lodes. Some cases
are known where lodes of the two types intersect each other so that cassiter-
ite and galena may be mined on the same level in a given mine. Another
structure striking at about right angles to the tin lodes is the so-called
"cross-courses" that, to a considerable extent at least, were caused by
wrench faulting; these cross-courses in many places are filled with late
quartz or clay (the latter may have been produced by the alteration of
feldspar).

Garnett (1961) says that some of both the mineralized and barren faults
that are at right angles to the tin lodes were developed before the tin
lodes were formed and that later horizontal movement along these faults
produced tension fractures in the ground between any pair of them. These
tension fractures may have provided the loci for the initial deposition of the
tin lodes.

Further, Hosking points out that the history of faulting in general and
lode formation in particular may differ quite definitely from one of the
Cornish ore fields to another. Compare, for example, that of the Geevor
area (Garnett, 1961) with that of the St. Agnes district (Fern, 1920). AN
tin fields in Cornwall actually are markedly more complex than what has been
said above would indicate; moreover, little is known about the structural
geology of most Cornish mines because they were closed before this branch of
geology was sufficiently developed.

The age of the tin deposits of Cornwall and Devon has long been thought
to be late Paleozoic, and probably most metal ore in the district was
emplaced during the time between the end of the emplacement of the Cornubian
granites and the end of the Paleozic era. Darnley and others (1965) have
recognized three stages in uraninite development (290 m.y., 225 m.y., and
50 m.y.); such uranium mineralization does not necessarily mean that the
hypothermal tin-tungsten ore bodies were produced throughout this span of 240
m.y., but it may mean that the galena-sphalerite ores in faults at right
angles to the tin lodes may have come in well into the Mesozoic; certainly
in the neighboring ores of the Mendip Hills, the ores were introduced in the
middle Mesozoic which may indicate an appreciably younger age for the "cross-
course" ores in Cornwall than the end of the Paleozoic. Until more inform-
ation on this matter becomes available, however, I think it best to retain a
late Paleozoic age for all of the Cornish non-ferrous ores.

Hosking (1970) divides the economically valuable concentrations of tin
(and tungsten) ores into five categories, the second of which is subdivided
into four parts. These are: (1) feldspathic ore-bearing so-called
"pegmatites"; (2) vein swarms and pipes poor in, or without feldspar and
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not in close association with lodes these are subdivided into: (a) greisen-
bordered veins in granite; (b) greisen-bordered tin-bearing pipes in granite;
(c) vein swarms in elvans; (d) vein swarms in killas; (3) early (?),
mineralogically unusual lodes; (4) pyrometasomatic deposits, and (5) complex
hydrothermal ores, including "normal" lodes, carbonas (irregularly shaped
non-vein ore bodies, and replacement pipes and sheets), floors,and vein
swarms associated with lodes.

The so-called ore-bearing "pegmatites" in Cornwall almost certainly are
not pegmatites; a few actual genuine pegmatites do occur in the Cornish
granites. Most of what have been called pegmatites are too low in feldspar
or do not have the proper texture to be given this designation. These
feldspar-quartz bodies in which wolframite and arsenopyrite normally are
present apparently are simply high-temperature hydrothermal deposits that
developed in the early stage of either vein-swarm (cusp) mineralization or
flanking lode formation; these bodies have been little affected by later re-
opening and re-mineralization or were not re-opened at all so that their
initial minerals were not appreciably changed from their original character.
Hosking gives as an example a lode in the South Crofty mine where a steep-
dipping, lenticular body (locally as much as 4 m wide but of limited strike,
and probably of dip, length) that originally contained quartz, pink K-feld-
spar, wolframite and arsenopyrite, the metallic minerals being in the upper
part of the lode. Later, this body was re-opened and brecciated with
cassiterite being deposited in a crude radiating pattern around the fragments
of the original lode material and in fractures in the primary lode minerals.
Still later, small amounts of chlorite were deposited and pink replacement
rims of scheelite were developed around the wolframite, and some sulfides,
including stannite, and siderite were the last minerals to be added. These
"pegmatites" are most unimportant in the economic picture of the Cornish tin
mining district.

Of the greisen-bordered veins in granite, most are located in the
apices of granite cusps (as at St. Michael's Mount, Carn Brea, Cligga,
Hemerdon, and Kit Hill). It is possible that a greisen-bordered swarm could
develop above a cusp on a granite intrusion introduced into an older granite.
Hosking considers that the SouthCrofty feldspathic swarm may be of this type
even though the typical greisen-bordered swarm is essentially barren of
feldspar. Where these veins cut into the surrounding killas, they die out
over a short distance, and, in the granite itself, they do not extend more
than a couple of hundred meters from the granite contact. Most of the veins
in a cusp crest are sub-parallel, usually steep-dipping veins that may be up
to 30 cm in width but rarely are more than 5 cm in width. Normally, they
are bordered on both sides by greisen bands, but in places only one band is
present. Again, it is usual for both bands to be of the same width but
(locally where the veins are vertical) the bands may be very different in
width, and the bands even may be discontinuous. These facts indicate to
Hosking that the greisenization took place before the actual veins were
developed. The granite between greisen-bordered veins is, in many places,
appreciably kaolinized. In a few ore districts, the area may contain more
than one set of greisen-bordered veins. The geometry of the veins suggests
that they were emplaced largely by replacement and only slightly by the
filling of (mechanically generated) open space. The mineral content of a
given vein may differ markedly from another not far away at the same level;
the veins also may have their mineral content telescoped with locally early
and late minerals in the cycle of these veins being within 2 m of each other
vertically. The common minerals in these veins are: (early) sericite, quartz,
tourmaline, apatite, topaz (less common), and cassiterite and (late) chal-
copyrite, sphalerite, and fluorite. Chlorite, hematite, wolframite, arseno-
pyrite, stannite, and pyrite are minor in amount and are intermediate in age.
Obviously variations in these abundances occur as locally wolframite and
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arsenopyrite are important. Some crude zoning does occur since tourmaline
needles are common at depth to be followed at higher elevations by
erratically placed aggregates of wolframite, arsenopyrite, and cassiterite.
Stannite, chalcopyrite, and sphalerite may be involved in the telescoping.
Greisen may include appreciable cassiterite or may be essentially lacking in
that mineral.

Hosking considers these veins quite similar to the ore-containing
veinlets in porphyry-copper deposits so he says they could be thought of as
porphyry tin-tungsten deposits.

In these greisen-bordered deposits, grade always is low; perhaps 3 kg
of tin and wolframite together per metric ton. Where tests have been made,
it appears that only about 55 per cent of the two metals was recovered.

In the Carnmenellis granite only, tin-bearing pipes have been reported.
A major pipe at the East Wheal Lovell mine was worked from about 80 m below
the surface about 220 m down. The pipe had a 1.3 cm-wide central fissure
filled with Fe-bearing quartz and clay; this was surrounded by greisenized
granite composed of quartz, a clay mineral, cassiterite, and minor fluorite,
pyrite, chalcopyrite, bornite, chalcocite, and siderite that grade gradually
into the surrounding granite. This is an example of a deposit showing by
replacement development and telescoping. It is considered possible by
Hosking that this pipe was a variant of the greisen-bordered vein-type, but
this is not certain as the possible granite cusp has been much changed by
erosion.

Certain of the Cornish vein swarms were produced by the splitting of a
vein into a series of stringers on entering into the elvan-dike (Wherry and
Wheal Vor mines). Numerous swarms that are tin-bearing and not associated
with lodes are present in elvans. These are simple in structure and
mineralogy and are thought by Hosking to have been formed by ore-forming
fluids that leaked away from a ridge zone by easiest upward paths, that is
joints in the elvan-dikes. In the Parbola mine (Gwinnear), a tourmaline-
bearing elvan (10 to 30+ m wide) contains angular zenoliths of granite; the
whole is contained in killas. Where it has been mined it has been found to
be cut by near-vertical fractures that strike about at right angles to the
elvan, these range in thickness from about 1 c¢cm to 20 cm and usually stop at
the elvan-killas contact. Some of these veins contain cassiterite, and,
where the veins are narrowest, the host elvan is impregnated with cassiterite.
The veins are nearly sub-parallel, but, where they intersect, small bunches,
of cassiterite are found. Locally, a few veins enter the killas, and where
they do, the country rock is tourmalinized and impregnated with cassiterite.

The vein-swarms in killas normally have structural and mineralogical
characteristics much 1ike the veins of the greisen-bordered swarms. These
will have tin zones that reach vertically for perhaps 150 to 200 m. They
are believed to overlie cusps in the granite beneath. The wallrock next to
these veins is highly tourmalinized and contains, in places, much sericite.
If the veins intersect Time-rich rocks, axinite is present instead of tour-
maline and is associated withother typical skarn minerals. The veins may
locally be quite telescoped, but zoning is not well-marked. The mineral
content may be simple (cassiterite-tourmaline-quartz) or much more complex
(sericite, arsenopyrite, molybdenite, wolframite, stannite, chalcopyrite,
and sphalerite also being present). The grade of the ore in these veins is
about as low as that in the greisen-bordered swarms. A content of 3 kg per
metric ton is average; most such deposits were mined by open pits. These
swarms probably are genetically related to flank lodes. Where veins in such
swarms cut elvans, branch veins follow both walls of the elvan, and rich
concentrations of cassiterite are common in these branch veins. At least one
vein swarm in killas is much richer than the average and may have formed
during a period of flank-lode formation in the neighborhood. Most cassiter-
ite in this swarm was found inmineralized lenses that follow the bedding
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planes in the killas. One such lens of this rich variety was 20 by 3 by
80 m (the last being down dip) and ran about 50 kg of tin to the metric ton
of ore.

Hosking has set up the category of early, mineralogically unusual lodes
to make a place for lodes that are different enough from his other cate-
gories as to require a separate designation. One deposit of this type was
in granite and consisted of a shear zone a few meters wide. This sheared
rock had been replaced on several occasions; green biotite and red garnet
were the major minerals. Locally microscopic masses of cassiterite, quartz,
fluorite, chalcopyrite, and Fe-rich sphalerite were present. Hosking is
uncertain why this peculiar mineral assemblage should have been developed;
perhaps greenstone was assimilated into the granite, but he found no evidence
of this. Such mineralization also has been noted on the dumps of the
Trevoole mine and in drill core from it.

A1l of the major granite outcrops in Cornwall are bordered by altered
greenstones and/or impure limestones. High-temperature tin deposits in these
rocks, however, are quite rare and of little economic importance. The
mineralogy of what ores there are is much the same as in those in Hosking's
categories (2a-d) and (5). A tin lode in the greenstone near a granite
contact in the Penlee quarry in the Newlin area is composed of blocks of an
earlier cassiterite-quartz-chlorite lode that was broken by earth movements
and cemented by quartz. Somewhat differently at the Magdalen mine (Posanooth
area) four tin lodes occur that, where they cut greenstone, contain an unusual
mineral group - magnetite-hornblende-cassiterite-quartz-chlorite with minor
amounts of arsenopyrite and pyrite and traces of bismuthinite and scheelite.
The magnetite crystals have cores of hornblende or chlorite and are older
than the cassiterite. Magnetite-cassiterite layers alternate with ones that
are silicate-rich.

In the Mulberry mine area, calc-flintas (calc-silcate rocks) in bands
as much as 20 m thick are interbedded with slightly indurated and folded
slates. Fractures in the slates contain tourmaline, mica, cassiterite, and
sulfides. In the calcium-rich rocks, however, fissures are filled with the
species just listed, but the wallrocks locally are rich in axinite and quartz,
cassiterite, and chlorite are present in irregularly dispersed replacement-
aggregates. In some of the axinite, spherulites of radial cassiterite have
been noted. No mining has been done in this area.

A rather different type of high-temperature tin deposit in calcium-rich
rocks is present in a Culm limestone inlier along the northern edge of the
Dartmoor granite. The ore is in an anticlinal crest, and the tin is present
mainly as malayaite [CaSnSi0g] but also is in andradite and grossularite;
no cassiterite or tin-bearing sulfides are known. Although the workings
here were on a copper prospect, samples have been collected that run 6 per
cent Sn0,; this zone is located within a much larger volume of iron-rich
metasomatism. Granite to the south of this occurrence contains mines that
are mineralized by cassiterite, specularite, quartz, and tourmaline, and
these mines are located in a belt that, in other places, is cut by lodes in
which are specularite, quartz, and tourmaline with some local pyrite and
siderite.

The fifth of Hosking's categories of Cornish ores contains various
complex hydrothermal deposits to which the general term lodes is most
applicable.

In southwest England, these lodes are in fault zones that were sub-
jected to important earth movements more than once, and, in many places,
several times. The usual lode was started by the formation of a fracture,
the dip and strike of which differed from one place on its length to another.
During all, or most, of these periods of movement along fractures, ascending
ore fluids were passing upward through them. Most of these faults were
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essentially normal (despite local cases of reverse and tear faulting), thus
producing open spaces along the steeper portions of these fractures. The ore
fluids traversing these open spaces not only filled these but also were able
to replace appreciably the wall rocks enclosing them.

These normal lodes generally have strike lengths of several kilometers
and, they may be mineralized down dip for a thousand meters or more. The
width of these loads may be as much as 15 m but more usually is 1.5 m. As
would be expected, these various dimensions change in dip and strike lengths
and in widths, and they may have sharp walls or grade gradually into the
wall rock.

These loads never were born in the final size; repeated faulting in-
creased the degree to which wall rocks were broken and room made for further
solution passage and mineral emplacement, both in the open spaces created and
in the wall rocks to which this brecciation gave them access. Thus, the
average load is a combination of brecciated bands, filled fissures, and wall-
rock partings with the walls containing various veins and replacement masses.
In many instances, the mineralization of the walls made the entire vein-wall
rock arrangement profitable to mine. These walls may be either granite or
killas or a combination of both with cleavage planes in the slates permitting
the access of ore fluids into such rocks and providing centers from which
replacement reactions might penetrate out from the cleavage planes. The most
productive lodes in killas appear to have been developed where the cleavage
joints dipped essentially vertically on the hanging wall. Veins and
stringers in such situations were so numerous, though never individually of
much width, and so well mineralized that they permitted stoping over widths
of 15 m to as much as 30 m.

Another variety of this type of lodes, particularly on the Land's End
peninsula, was made up of pipe-like and irregularly shaped bodies of highly
altered, tin-bearing granite. These are called carbonas and generally are
connected to normal lodes by one or more narrow feeder veins. One vertical
carbona, 10 m by 5 m by 1 to 12 m, consisted of quartz, feldspar, tourmaline,
and cassiterite and was connected to a normal lode 50 m below the surface by
narrow veinlets and pipes. Another carbona (the great St. Ives Consols
carbona) lacked clearly defined walls and contained tourmaline, cassiterite,
fluorite, pyrite, and chalcopyrite and was localized at the junction of a
north-south crosscourse and east-west veins. Its trend was north-south,
unlike normal tin-bearing lodes in the immediate neighborhood.

What are called tin floors are much 1ike carbonas and consist of one or
more nearly horizontal ore bodies, irregular in outline and from 1 to 4 m in
thickness and from 3 to 13 m across. Their mineral content was abundant
cassiterite, associated with tourmaline and surrounded by much tourmalinized
wall rock. These floors probably were connected by one or more normal lodes.

The lodes have much in common with veins swarms, the major difference
being in the greater width of these structures. In many places, lodes
change character markedly when they pass from one rock type to another. For
example, the lodes may die out entirely on so doing or their structure, width,
and mineral content may increase drastically, and their dips and strikes may
be appreciably refracted.

The lodes may show primary zoning and also may be considerably tele-
scoped, although Hosking says that this latter phenomenon has not been given
sufficient prominence in the literature.

Although the paragenesis of the Cornish tin deposits has been much
studied, the relationships of the various minerals are complicated by such
possible processes as ore-fluid resurgence, two ore fluids from different
sources, later ore fluids reaching areas in which earlier ore fluids had
deposited their loads, and possible remobilization, zoning, and telescoping
that results based on the examination of a single lode or even deposit may
be at variance with the pattern established for detailed study of the entire
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district. No one ore geologist has studied more and seen more of the geology
of the Cornish ores than Hosking. It, therefore, is most reasonable to
follow his presentation of the paragenesis in a discussion such as this
designed to introduce the reader to the area rather than to present an
exhaustive study of it.

The earliest minerals (ore and gangue) deposited in the district (and
only in scattered parts of it) are the feldspar-mica bodies known as
"pegmatites” (see above). In addition, these "pegmatite" bodies contain
arsenopyrite and wolframite as their major metallic minerals, plus some
cassiterite and molybdenite. These pegmatites are followed by the early
veins swarms (see above) that are in veins in, and above, granite cusps;
they contain principally arsenopyrite, wolframite, and cassiterite, plus
less abundant chalcopyrite-sphalerite, stannite, and molybdenite. Unusual
alteration minerals associated with these swarms in places are garnet,
beryl and euclase [BeAlSi0,(OH)]. With both these stages, tourmaline is
important and continues to be deposited through the early stages of the
hypothermal lodes.

These early veins swarms are followed by the hypothermal lodes that
generally are arranged in parallel to the granite ridges (that trend NE-SW
in the west and E-W in the east) and their associated dikes. The major
minerals, in general order of introduction are: cassiterite (plus wood-tin,
see below), molybdenite (?), wolframite (plus minor scheelite), arseno-
pyrite (plus 1611ingite), sphalerite that is iron-rich and contains ex-
solution bodies (mainly chalcopyrite), stannite [Cu,FeSnS,] and chalcopy-
rite. After the deposition of these hydrothermal lodes, an hiatus developed
in ore-solution flow or in deposition from ore solutions for the mesothermal
and leptothermal lodes that follow are general in structures at right angles
to the granite ridges (although some small fraction of them may strike
parallel to those ridges). In places, the ore fluids responsible for these
later lodes have had access to some of the hypothermal bodies and have added
these mesothermal and leptothermal minerals to the older lodes. The order of
deposition of ore minerals in these later lodes is: minor bismuth and bis-
muthinite (?), pitchblende, niccolite, smallite, and cobalite, then galena
(silver-rich), argentite, and iron-poor sphalerite (no ex-solution bodies),
pyrite (plus some marcasite), siderite, tetrahedrite, bournonite, pyrargyrite
(?), stibnite, jamesonite, and hematite:

During the deposition of the hypothermal and mesothermal-leptothermal
lodes, the gangue minerals were the last of the tourmaline [plus minor
danalite, FeﬁBe3 (Si0,)3S and phenakite, Be,Si0,], then, in order of beginning
of formation, chlorite, hematite, fluorite, barite and chalcedony, dolomite,
and calcite. Chalcedony and minor chlorite are the last of the gangue
minerals to have been deposited. The final metallic mineral was pyrite. In
addition to copper, tin, and tungsten, metals of economic importance are
(and were) arsenic, bismuth, uranium, nickel, cobalt, silver, lead, zinc,
antimony, and iron. Obviously, not all of these metals are recovered from
any one lode, but, in the five mines operating in Cornwall in 1975, 3300
tons of tin, 562 tons of copper, 392 tons of zinc, and 2600 kg of silver
were produced, presumably at a profit.

Wall-rock alteration in the Cornish ore bodies; there are several
types. Silicification may be early, intermediate, or late and may be present
with any ore type. Kaolinization may be early (although this is not cer-
tain). Sericitization (the term Hosking uses for the mica in greisen)
tourmalinization, chloritization, and hematization normally appear in that
order. Sericitization is the dominant form of wall-rock alteration in the
vicinity of veins in the granite cusps; the sericite so formed may be con-
verted to various extents to tourmaline; gilbertite (a silky form of
muscovite) may take the place of sericite in some greisen zones. In certain
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areas (Cligga, for example), Hosking is certain that kaolin is early.

Simple vein systems in the killas normally have intensely tourmalized
wall-rocks, although various forms of mica may be present also as vein
selvages. Such wall rocks are hematitized or chloritized in only a few
places. In granites and killas immediately adjacent to the major lodes,
however, may be, at any given horizon, changed to one or more of the types of
wall-rock alteration just mentioned; where more than one type occurs, the
youngest type has its major development farthest from the vein and so on
back to the vein. Greisen is a minor feature of these major lode deposits.
Tourmalinization usually is most important near those tin lodes that have
been little disturbed after the deposition of the cassiterite that they
contain. The deeper tin lodes normally are within tourmalinized walls even
though they later were disturbed and later alteration developed higher up.
Chloritization and hematitization normally follow the deposition of
cassiterite. A1l of the wall-rock alteration minerals also are present as
gangue minerals in the ore.

Not all Cornish mines, by any means, show vertical zoning, but it is so
common as definitely to be an established fact. Many mines have been mined
for tin at depth after having been copper mines above, and many tin lodes or
veins have been mined for copper outward along strike from the center of the
tin mineralization. It seems certain, however, that the mineralization of
the average lode is so complex through repeated periods of mineralization
that no simple zoning pattern can reasonably be established. Some of these
later minerals that complicate any attempt to elucidate a zoning pattern also
make the tin ore difficult to beneficiate. The close association of tin and
copper ore minerals in the Geevor mine is due to the later introduction of
copper and zinc minerals into a volume once occupied by tin ore only.
Certainly, the Geevor silver was not present in the tin ore but was added
with the copper and zinc sulfides. Thus, it would appear that, at the time
that these copper and zinc sulfides were being deposited at Geevor, the
temperatures of the ore fluids were lower than they were when the tin ore
was emplaced. Hosking suggests that the better tin ores are located in rock
volumes where the flow of the ore fluids was retarded, giving more time for
the reactions needed to precipitate the tin minerals to take place; this
situation also can apply, of course, to the minerals of other ore metals.
The development of rich ores at fracture intersections also probably was the
results of solution flow being slowed by the fault detritus, aided by the
development of smaller fragments with fresh surfaces that could be readily
attacked by the ore fluids. Normally, stannite is found as a replacement of
cassiterite, with the tin content of the stannite very possibly having been
obtained entirely from the cassiterite and not from the ore fluid. Hosking
suggests that some of the abnormal paragenetic relationships in the lodes
may have been due to remobilization, but this is certainly not established
beyond doubt.

The erratic distribution of cassiterite in the tin lodes so that the
conditions necessary for its precipitation are quite limited and are
attained only sporadically in the average tin lode. Further, what may have
been a tin lode that could have readily been mined at a profit underwent so
much brecciation and dilution by later, essentially valueless, minerals that,
when found, it could not be mined or was mineably only at a less profitable
rate than would initially have been possible.

One of the interesting facets of Cornish tin lode mineralogy is the
presence of wood-tin. Hosking quotes Newhouse and Berger's definition of
wood-tin: "wood-tin displays, in general, a colloform appearance, usually
botryoidal or globular, but occasionally occurs as gently undulating slabs
apparently deposited on flat vein-walls. Microscopically, the wood-tin
structure is found to owe its banding to variability in the color of the
cassiterite, which varies from deep, almost opaque, red to practically



GREAT BRITAIN - ENGLAND 85

colorless. This color banding is concentric with the external surfaces of
the nodules and the individual cassiterite crystals are elongated transverse,
and frequently normal to, this structure". Wood-tin is found in lodes in
granite and in the killas but is restricted to a few areas in the Cornish
district (in the St. Agnes area for example) and is less likely to be
present in a given lode than normal cassiterite. At any given horizon,
however, it can be found in considerable abundance. In the St. Agnes area,
the wood-tin always is present in lodes developed by faulting in the killas.
In the development of such lodes, the first minerals to be introduced were
acicular tourmaline needles and quartz. These were followed by massive
twined cassiterite. Al]l these minerals were emplaced by open-space
deposition or replacement of the killas. The products of this first stage
of mineralization then were brecciated and, after this faulting, the wood-
tin was deposited along with acicular cassiterite. Next came mild fracturing
and then the deposition of pale cassiterite, partly by replacement of wood-
tin and partly by filling open space. Further re-opening was followed by

the deposition of curious forms of pale chlorite plates in bands in a quartz
matrix. Still additional movement permitted more open-space quartz depo-
sition and quartz replacement of wood and acicular tin. More rock movement
was then followed by sulfide deposition, including high-temperature chal-
copyrite and sphalerite that contain exsolution bodies, the one of the other;
to a minor extent the sulfides may have replaced wood-tin, but no stannite
was developed.

Wood-tin definitely is made up of a large number of bands of different
colors. In places, spherical masses of silica were deposited with the wood-
tin; the silica later becomes a fine mosaic of quartz. Whatever, the
character of wood-tin at the time of its deposition, that now seen is
composed of radiating needles of cassiterite that locally can be traced
across two or more color bands.

At any event, wood-tin is not a product of secondary processes but is
developed as part of the formation of the primary ore. It does bear a
complex relation with quartz but certainly is a product of the same hypo-
thermal solutions that usually produce normal cassiterite; its intimate
relation with quartz is what distinguishes it from normal cassiterite. The
fact that wood-tin in Cornwall, locally at least, is followed by high-
temperature chalcopyrite and sphalerite definitely shows it to be a mineral
formed as a member of a normal hypothermal sequence.

Stannite is erratically distributed in the Cornish lodes and veins but
never in sufficient quantity to make its recovery worth attempting.

Stannite normally is introduced in association with chalcopyrite and
sphalerite (these sulfides being of the high-temperature variety); some to
much of the stannite was developed by the replacement of cassiterite, but
enough of it is not associated with cassiterite directly to make certain
that the ore fluids carried tin in a different form than that from which
cassiterite was precipitated.

The classification of the Cornish ores does not seem to present any
difficulty. The higher-temperature minerals certainly were deposited in the
hypothermal range. The minerals in the cross-courses, however, nearly as
certainly were deposited in the mesothermal to leptothermal range with the
pitchblende, bismuth, and the arsenides being at the high end of the meso-
thermal range or even at the very low end of the hypothermal but with the
remaining minerals meso- to leptothermal.
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Notes

0f the eight areas of lead-zinc mineralization considered in this
volume, six are in England, one in Scotland, and one in Wales. The six in
England are, from north to south, (1) the Northern Pennines in which the ore
is contained in two blocks, the more southern of which is the Askrigg block
in the western part of the North Riding of Yorkshire (Askrigg town, 54°19'N,
2°04'E) and the more northern of which is the Alston block located around
the junction of the counties of Durham, Northumberland, Cumberland, and
Westmoreland; Alston town (54°49'N, 2°26'E) is in Cumberland; (2) the Lake
District of northwestern England centers between Keswick (54°37'N, 3°08'W)
in Cumberland and Coniston (54°22'N, 3°05'W{) in Lancashire; some mining also
was done in Westmoreland, where the westward extension of that county lies
between Lancashire and Cumberland; (3} the North Derbyshire district that
occupies a belt some 40 kilometers long in the northern part of that county
and at the southern end of the Pennine Chain in the Peak district where the
Carboniferous limestone has been elevated in a great dome; this limestone
massif contains a large number of now abandoned lead mines, the entries to
some of which Tie outside the crop line of the limestone but the workings of
which are within that rock; (4) the West Shropshire district that mainly is
in the western part of the county of that name but also overlaps to the south
into what used to be Montgomeryshire in Wales - this district has two centers,
one within a 10 kilometer radius of the town of Shelve that, in turn is about
four kilometers south-southeast of the town of Worthen (52°38'N, 3°00'W)
and the other within an area of about 2.5 square kilometers southeast of
Breidden Hill that is, in turn, about 18 kilometers west of Shrewsbury
(52°43'N, 2°45'W); (5) the Mendip Hills in northeastern Somerset on the
southwestern side of which are the town of Cheddar (51°17'N, 2°46'W) and
Wells (51°13'N, 2°39'W), famed for their cheese and their cathedral,
respectively; (6) Southwestern England that includes mines in five areas;
the first four listed here are in Cornwall and the fifth is in Devon. These
are: (a) The Perranzabuloe-Newlyn East about 10 kilometers northwest of
Truro; this area is about 16 kilometers northeast-southwest by five kilo-
meters northwest-southeast; (b) the Perran Iron Lode about 11 kilometers
north-northwest of Truro; this area is about five kilometers long (northeast-
southwest) and of about the same width as the Perranzabuloe area; (c) the
Menheniot that extends about 11 kilometers from south of Liskeard to due
north of Menheniot; the area is about five kilometers wide (northwest-south-
east) and nearly 10 kilometers long (northwest-southwest); (d)} the Tamar
Valley on the border between Cornwall and Devon, slightly west of a line
between Tavistock and Plymouth and about equally distant from the two towns;
its long dimension runs about north-south for about 6.5 kilometers and is
1.5 kilometers wide; (e) the Teign Valley, an area that extends about north-
northwest-south-southeast several kilometers - it is somewhat more than
three kilometers wide; (7) Leadhills (55°25'N, 3°47'W) in Lanarkshire in
Scotland; the field extends across the border into Dumfrieshire as far as
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the town of Wanlockhead; and (8) the Mid-Wales ore field centers around the
Plynlimon Dome in Wales; the mid-point of which structure is located about
25 kilometers east of the port of Aberstwyth (52°25'N, 4°05 W); the longest
of the lodes appears to be the Castell that extends westward from the Castell
to the Rheidol Valley; it has a total length of about 10 kilometers.

The ages of the various lead-zinc deposits in Britain range from Middle
Paleozoic to Middle Mesozoic in the following order:

Middle Paleozoic Late Paleozoic Early Mesozoic Middle Mesozoic
West Shropshire  Southwestern England North Derbyshire Mendip Hills
Lake District Leadhills Northern Pennines

Mid-Wales

This age classification, if correct, indicates that lead-zinc deposition
continued over a long portion of geologic time, some 450 million years.
Obviously, all of this widely separated series of deposits of such diverse
ages cannot have obtained their metal-sulfur content from the same source
and possibly not by the same general process. This problem will be examined
in the discussions in this volume on the various deposits included.

In four of the eight deposits duscussed in this volume, the silver
recovered from the various deposits, mainly from the galena, is much larger
than is present in the standard examples of the Mississippi-Valley-type ores.
That such standard MV-type ores were developed in Britain, the deposits in
the Pennines, West Shropshire, and the Mendips testify, but even most of
these produced small amounts of silver from the galena they contain whereas
such deposits as those in the Mississippi-Valley or Poland or the Eastern
Alps contain so 1little as to make it almost always not worth recovering.

Why this unusually large amount of silver should be present in half of the
British lead-zinc ores does not appear to have received the study it merits.
Such considerable amounts of silver suggest that the British ores were
deposited at somewhat higher temperatures than the lead-zinc deposits of the
normal Mississippi-Valley-type. The acceptability of silver sulfide in its
argentite form in the similarly structured galena and the great difference
between the structure of acanthite and galena suggests that a considerable
portion of the galena of the British lead-zinc deposits was precipitated
above the temperature of argentite inversion - an event that takes place at
173°C. If this reasoning is correct, a major proportion of British galena
must have formed in the leptothermal rather than in the telethermal range.
The exception to this statement is in the galena of the deposits formed
along the length of the Pennine Chain and in West Shropshire and the Mendips
where silver is so low, but not completely lacking, that most of the galena
probably was precipitated below the Ag,S inversion temperature. On the
contrary, however, the silver recovered from Leadhills, the Lake District,
Mid-Wales, and Southwest England (northern Cornwall and west Devon) is so
much larger than telethermal conditions would have permitted the galena to
receive in solid solution that these deposits must be categorized, at least
in considerable part, as leptothermal. Some genetic value must 1ie in the
fact that the four silver-bearing British lead-zinc deposits lie to the
west of the four in which silver is much less abundant or essentially
lacking. I have never seen this pnint discussed.

The age of the four deposits that contain abundant silver is Paleozoic,
two middle Paleozoic and the other two late. Of the four deposits largely
lacking in silver, three (the two Pennine districts and the Mendips) are
Mesozoic but West Shropshire is middle Paleozoic. All of these ores are
classed in this volume as Telethermal, although the West Shropshire ores may
be, in the lower reaches of the veins, leptothermal even though no silver
worth mentioning is present in the galena.
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As Schnellmann and Scott point out (1970), production of lead in
Britain has amounted to between 6,100,000 and 7,000,000 tons of lead from
8,710,000 tons of concentrates, whereas that of zinc probably has been
between 500,000 and 700,000 tons of metal from some 1,250,000 tons of con-
centrates. The largest portion of this production was obtained in the 18th
and 19th centuries, although most of the zinc must have been recovered in
the last two-thirds of the 19th because methods of recovering it and its
usefulness were not understood until about that time. The last major lead-
zinc mine is reported to have been closed in 1961. Obviously, not all lead-
zinc mines closed in 1961 for, in the six years from 1960 through 1975, the
production of lead in Britain averaged about 6,500 tons and that of zinc
some 7800 tons, both of metal. The zinc, however, is stated to have been
derived from a mixed copper-zinc concentrate which almost certainly was not
recovered from any British lead-zinc deposit, but where else it came from is
not immediately clear.

0f 1ead production through 1961 these same authors believe that 75 per
cent came from the Northern Pennines and 52 per cent of the zinc. Rather
surprisingly, 12 per cent (some 1,900,000 tons of lead) came from North
Wales, a district not discussed in this volume because of the paucity and
considerable age of the 1iterature available for study. The North Derbyshire
field is reported to have produced eight per cent of the total through 1961.
Hearly all the operations were small; only six mines are known to have re-
covered over 200,000 tons of concentrates (probably about 500,000 tons of
lead metal). In most fields, the mining was dominated by one operation, for
example, 70 per cent of the concentrates from North Derbyshire came from one
mine (Mill Close), but Dunham thinks this percentage unrealistically large.
They (Schnellmann and Scott) also believe that 90 per cent of concentrates
from the Lake district was from a single mine (Greensides). Two sub-areas
in North Wales provided most of the production from that district; the mines
of the Minera district and of the Halkyn district each appear to have
accounted for more than 200,000 tons of lead concentrates. The mines of the
Minera area also recovered 150,000 tons or more of zinc concentrates. The
Westminster lode in the southern part of the Halkyn-Minera field probably
produced about 100,000 tons of lead concentrates. The only reference I have
been able to find that could be expected to tell anything about the Worth
Wales is that by Schnellmann on the Halkyn district that covers 40 pages
(585-624) in the Transactions of the Institute of Mining and Metallurgy for
1938-1939 and that is not enough on which to base a discussion of the scope
I expect to put into this volume.

In addition to North Wales, there are two other districts noted by
Schnellmann and Scott, Coombe Martin in North Devonand the rather large, but
exhausted deposits in the Isle of Man. Both of these, as is true of
Halkyn-Minerva, are high in silver and fit into the pattern already described
which shows silver-rich deposits consistently to lie to the west of those
that are low to poor in silver. This information does not go very far in
helping explain why this fact is so. It is interesting, however, to note
that a line running roughly northwest-southeast across the Polish zinc-lead
district of Upper Silesia, divides galena with an appreciable trace content
of silver to the southwest from lead sulfide to the northeast from which
silver is almost lacking (Ridge and Smolarska, 1972). Factors bearing on the
genesis of the Silesian-Cracovian lead-zinc deposits in southern Poland:
24th Int. Geol. Con., Sec. 6, p. 216-229).
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Notes

As is true of most British deposits of lead and zinc, the Northern
Pennine mines were worked by the Romans, and mining has continued, with
numerous interruptions and changes in the mineral materials sought, until
the present time. Within the last 50 years (Ineson, 1976) the emphasis hzs
shifted from the two metals to the nonmetallics - fluorite and barite. The
Northern Pennine field is divided into two distinct structural blocks, the
northern, the Alston block, that is bounded by faults on three sides,
Stublick to the north, Pennine to the west, and the Lunedale-Stainmore fault
system and the Stainmore trough to the south. To the east, the sedimentary
rocks pass beneath the Coal Measures of the Durham coal field; the Coal
Measures in turn are covered farther to the east by Permian rocks.

The southern block of the Northern Pennine field is the Askrigg and it
is confined to the county of Yorkshire, whereas the Alston ores occur in
four counties, Northumberland, Durham, Westmorland, and Yorkshire. The
Askrigg block also is surrounded by faults and fold systems, the Lunedale-
Stainmore trough to the north, the Dent fault to the west, and the Craven
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fault system to the south. The Craven system marks the line of change from
block conditions to the north and basinal to the south. As is true of the
Alston block, the ore-bearing Carboniferous sediments dip under Permo-
Triassic and Jurassic sediments, successively farther east.

The two blocks can most satisfactorily be considered as separate
entities and are so discussed here, with the Alston block comming first.

The mineral deposits in the Alston block are in rocks that range from
Ordovician to Silurian to the Permian Magnesian limestone, but only the three
limestone groups of Visean age contain workable deposits. The basement, the
Skiddaw slates, made up of slates and flags, is of unknown thickness. It is
unconformably intruded by the Devonian Weardale granite; unconformably over
the granite is the Carboniferous Basement group, +300 meters of sandstones
and conglomerates, followed conformably by the three divisions (upper,
middle, and lower) or the Carboniferous Limestone series that has a total
thickness of 540 meters and that consists of a rhythmic sequence of Time-
stone, calcareous shale, non-marine shale, sandy shale, sandstone, ganister,
and coal. This sequence is present in all three divisions but is best
expressed in the middle Limestone. The combination of alternations of
brittle limestones, compact limestones, and soft shales has (Ineson, 1976)
influenced the form and disposition of the ore shoots. These Carboniferous
beds normally are flat-lying, and they are involved in only one major tectonic
event, the Burtreeford disturbance. The Burtreeford is a sinuous monocline
that faces east; it has an amplitude of 160 meters, and cuts the ore field
into two almost equal parts.

Above the upper Limestone series beds is the Carboniferous Millstone
Grit, sandy deltaic beds that contain thin limestone layers. The Millstone
grit was followed by the Coal Measures (also Carboniferous) that are divided
into three sections, the lower of thin, sandy coals, the middle of rhythmic
alternations of limestones, shales, sandstones, and coals, and the upper of
grits, sandstones, ganisters, coals, limestones, and shales. The Millstone
grit is 370 meters thick, the Coal Measures 750 meters.

The Carboniferous beds were intruded by a Tate Carboniferous - early
Permian series of interconnected phacoliths (or sills) with associated dikes;
the intrusive is a quartz dolerite and is known as the Great Whin Sill. The
Whin sill is present at numerous horizons, but its greatest and deepest
expression is in Viséan rocks in the Teesdale area (toward the south-central
part of the Alston ore district). The quartz dolerite is in Westfalian
rocks in the northwest of the Alston block. The sill thins and cuts upward
through the formations as it is followed toward the edges of the ore district.
The intrusion was introduced in the Tate Carboniferous or early Permian and
has metamorphosed the neighboring rocks for as much as 18 meters from the
intrusive. The soft shales of the wall rocks have been silicified, con-
verting the shales into what appear to be competent sandstones; in places
this silicified shale is a host to ore. At the same time as the sill was
intruded, a tectonic event produced a domal structure over the ore district
and was accompanied by faulting and folding.

In the middle Permian, the district was cut down to a Tow desert plain,
on this sands and breccias were deposited. The deposition of these materials
was followed by the transgression of the Zechstein Sea and the depositon of
upper Permian Marl slate and Basal Yellow sandstones, after which were
deposited the upper Marl and Magnesian Timestone, and finally the Keuper
marl and the Bunter Sandstone. The total thickness of this upper Permian
sequence is 1025 meters. The Triassic proper consists of thin evaporites,
red sandstones, and mudstones. Rocks of Jurassic and Cretaceous age may once
have covered all or most of the Alston block ore district, but, if present,
they were removed by Tertiary uplift and erosion. This Tertiary uplift re-
sulted in a regional dip to the east and was accompanied by the introduction
of an east-southeast series of tholeiitic dikes.
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Masses of Caledonian granite are known in the basements of both the
Alston and the Askrigg blocks; the granite obviously is older than the ore,
epigenetic traces of which are found in the rocks of the Coal Measures; most
of the ore, however, is in the Visean limestones.

In the Alston block, the ore was deposited in near-vertical veins; these
are filled fault fissures with which minor shear folds were associated. The
main fissure directions were N65°E, N80°W, and N10°-25°W; these probably
were formed during the doming in late Carboniferous through early Permian
time; the intrusion of the Whin Sill may have been responsible, in part at
any event, for the doming and fracturing. The principal ore bodies are in
faults that have one to 1.5 meters of downthrow; the widespread and per-
sistent joints of this trend (N65°E) are not, however, mineralized. In
general, the veins in which galena is dominant are those with N65°E trends;
the N10°-25°W fractures seldom are mineralized even though they probably
formed at the same time as the other two sets. Fluorite is the main mineral
(but with byproduct galena) in the N80°W fractures, which now are the princi-
pal sources of both fluorite and galena.

These fractures are essentially vertical in limestone and sandstone but
may be as low as 45° in soft shales. Open space is developed (Dunham, 1976)
only where the fractures are steep; they tend to close up in shales. Thus,
the ore shoots are usually thin in longitudinal sections and have much
greater horizontal than vertical dimensions. In the major deposits, several
ore shoots may occur one above the other and are separated from each other by
barren ground. In the N80°W (the fluorite) veins, stratigraphic control is
less pronounced, and the ore shoots formed in east-west openings of 1imited
extent, openings that resulted from left-hand strike slip movements. Where
veins pass from limestone into shale, the flow of the ore fluids appears to
have been slowed down, so that these fluids, in considerable part at least,
could work their way outward through minor fractures to form replacement ore
bodies (flats, wings, or mantos) that in many places have been economically
profitable to work. Such replacement deposits may extend up to 12 meters
into the surrounding limestone. Such replacement mineralization includes the
production of an ankerite-rich material that also contains various amounts of
siderite and silica. Some of the replacement has been of the volume-for-
volume type, in which bedding planes, joints, and fossils have been preserved,
but, in other parts of various veins, solution (or karst) cavities have been
formed; these may be lined with secondary minerals. In some instances, the
cavities developed have grown so large, through thinning of beds and collapse
of the beams so created, that the lower portions of the caverns were partly
filled with rubble breccia. Considerable mineralization appears to have
taken place by filling voids in the breccia and by replacement of breccia
fragments. Ineson (1976) suggests that the paragenetic sequence seems to
have been ankerite, siderite, and silica (deposited prior to the introduction
of sulfides) then the sulfides, fluorite, and barite, and finally calcite.

The different strength characteristics of the host rocks produced by
the cyclic system of deposition caused them to yield differently when
affected by tectonic forces, so that the veins normally are refracted as they
pass from one rock type to another. The greater the depth at which a
particular vein is observed, however, the less this refraction appears to be.
This may account for the greater concentration of ore minerals in the rocks
of the relatively near-surface Carboniferous limestones. About 75 per cent
of the ore taken from the rocks of the Alston block has come from the
Limestone series.

Although galena was the principal mineral mined from the time of the
Romans until the beginning of the 20th Century, it now is only a byproduct
of fluorite mining. Sphalerite was present in mineable quantities only in
a few areas in the block (e.g., Nenthead-Alston and Greenhurth). Barite
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was once mined throughout the block, but reserves of this mineral now appear
to be nearly exhausted. In 1976, barite was mined only in the Closehouse
mine. In the central part of the ore area of the Alston block, fluorite is
present as a matrix for the sulfides and occurs in purple, mauve, yellow,
and green colors. Minor sulfide minerals, which are present in small and
localized amounts, include chalcopyrite, pyrite, marcasite, and pyrrhotite.

As far as 100 meters beneath the surface, the ores have been appreciably
affected by surface processes. The major supergene secondary alteration is
to such minerals as cerussite, smithsonite, hydrozincite [Zns(C03),(0H)¢]>
malachite, and Timonite.

The veins of the Alston block contain from eight to 25 per cent Si0,;
this condition is not duplicated in the Askrigg block, where silica is only
present in the veins in minor amounts, if at all. Considerable quantities
of ankerite and siderite are produced in the Alston block with ankerite being
most abundant in places in which replacement of host 1imestone has occurred.
The siderite is more common in Weardale where it is mined as an ore of iron.
Dunham (1948) suggested that the materials in the ore veins had been leached
from the Whin sil1; the results of recent exploration, however, have shown
ankerite-siderite-quartz to be present in the lowest limestone well beneath
the Whin sill and suggest a deeper source than the sill for the three
minerals just mentioned and probably for the sulfides and other non-metallics
as well. The only possible way to avoid this conclusion is to assume that
migration of epigenetic materials was both upward and downward from the sill,
probably not very likely in late Paleozoic - early Mesozoic time.

An unusual feature in the Whin sill was an economically viable replace-
ment ore body of witherite (BaCO3) that is now exhausted.

Dunham ({1948) considered that the field could be divided into concentric
zones with the fluorite-dominant veins forming the central zone. The inter-
mediate zone veins contain fluorite but no barite, and the fluorite is not
nearly as abundant as in the central zone. In the outer zone, barite is the
major non-metallic and fluorite is not present. Quartz is ubiquitous in the
Alston ore field but is most abundant in the central zone. Sphalerite and
chalcopyrite appear to have been confined to the central zone, but their
location there is spotty. Both evidence from drill holes and from deeply
eroded veins suggests that the Alston field may be zoned vertically as well
as laterally with quartz-chalcopyrite-pyrrhotite ores at depth grading upward
into, first, galena-sphalerite, then fluorite-barite, and finally barite.
Galena is present all through the fluorite zone, but it is most common near
the transition from fluorite to barite. Sphalerite, where it exists, is in
the same border zone. In the outer (barite) zone, sulfides gradually die
out.

Sawkins (1966) demonstrated that the zoning is not only one of minerals
but also of temperatures of formation. His work showed that the temperature
of mineral formation in the central zone was about 220°C and that it dropped
steadily to 100° at the outer edges of that zone. The barium zone may have
formed at even lower temperatures, although Sawkins' evidence on this point
is not fully substantiated.

The ore veins appear to have been re-opened at least more than once,
producing recementation of the ores and crustification banding on the
freshly developed walls. Earth movements that occurred after the mineraliz-
ation (or after one phase of it) produced slickensides where they cut
through the ores.

The presence of granite beneath an ore field was suggested by geo-
physical work and demonstrated by the Rookhope drill hole. As the granite
is covered by Carboniferous beds that rest unconformably on it, it must be
older than the Carboniferous sediments. The presence of granite in the
center of the zoned area of mineralization, however, makes it seem possible
that tne granite provided channelways for ore fluids to move upward toward
the limestones from an igneous source below the known granite.
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Wall-rock alteration has affected both the sediments and the Whin sill.
Under the microscope, it can be seen that this alteration results in the
progressive loss of original and diagenetic textures. So far as alteration
minerals are concerned, the limestone was changed to ankerite-rich rocks
with varied quantities of siderite and silica. Volume-for-volume replace-
ment, although locally occurring, (particularly in cavern-filling frag-
ments) was not universal, so the usual thickness of a limestone bed grows
less as the vein is approached. Metasomatism causes a complete loss of
calcium, an increase in silica and iron sulfides with alumina being in-
corporated in new sericite. In the wall rocks, K,0, Na0, Ti0,, Rb, F.,
Pb, Mn, Zr, In, Cu, Ni, and Fe all show increases over background as the
veins are approached, whereas only Sr decreases the nearer to the vein the
sample is taken.

So far as the sandstones are concerned, the main alteration effect is
recrystallization of silica, plus minor replacement by galena and pyrite.
Ir, Sr, and Rb decrease away from the veins. In shale, the main alteration
is silicification.

The alteration of the quartz dolerite of the Whin sill is normal, the
main effect is the formation of a white clay-carbonate rock containing
kaolinite, illite, anastase, ankerite, siderite, muscovite, calcite, and
pyrite. Ca0, Mg0, Na,0,, and Fe have been removed and C0,, K,0, and H,0 have
been added. The alteration usually is no more than one meter wide around
each vein in sil1l rock.

Geologically, the main evidences for the age of the ore are that the
veins were developed after the Whin sil11 was intruded and that they were
after the deposition and lithification of the upper Permian Magnesian 1ime-
stone. These two relationships appear to put the arrival of the mineraliz-
ation in the ore area of the Alston block just before or just after the end
of the Permian.

Geochronological evidence is very confusing, dates between 284 + 40
million years and 170 million years have been put forward by reputable
experimenters. Dunham, and others, (1968) think that they can see, through
39Ar and “%Ar dating methods, that three major geochemical events affected
the area at about 284, 230, and 170 million years. The best guess I can
make from the evidence (remembering the apparently early Mesozoic age of the
North Derbyshire ores) is that the Alston block ores came in about the same
time, but certainly the final verdict is not in.

Almost as many genetic models have been put forward for the Northern
Pennine ores as there are authors who have studied the problem, An early
worker thought the ore fluids were surface waters percolating downward.
Later, it was suggested that the solutions came from great depths, almost
certainly meaning a magmatic source for them. Still later, Dunham (1948)
thought that a proportion of the ore and gangue minerals came from the wall
rocks, but later Dunham statistically demonstrated that such an hypothesis
could not account for more than a fraction of the lead that had been pro-
duced from the whole Northern Pennine field (both blocks). Again, Dunham
(1934) suggested that the ore fluids came from hidden granite at depth,
these fluids finding their way to the Carboniferous limestones through frac-
ture channels in Weardale granite cupolas beneath the district.

Sawkins' work on fluid inclusions from the Northern Pennine minerals
discovered their high saline content which he felt he must incorporate into
any satisfactory hypothesis for the genesis of the ores. He envisioned the
base metals and the fluorine coming upward in juvenile hydrothermal fluids
through the Weardale granite (possibly from the mantle itself). Contrarily,
the barium was thought to have come from connate waters that originated in
the adjacent sedimentary beds and migrated up dip to arrive, at essentially
the same time as the ore fluids from deep in the crust. The barite-bearing
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connate waters, however, would deposit their loads in an oval-shaped area
outside the area under the influence of the fluorine-bearing juvenile (?)
waters, thus separating, as is largely true in the field, the fluorine and
barium zones. To obtain the chlorides in the fluid inclusions (and by
inference in the ore-forming fluids) Davidson (1966) appealed to surface
waters to dissolve chlorides from Permian evaporites; these would go down
into the crust to depths sufficient to be heated enough to remove metals and
fluorine from the wall rocks of fractures (presumably in the granite) and
then finally rise to the proper formations in which to deposit the ores. To
acquire the necessary heat, the ore fluids would have to penetrate 15 kilo-
meters into the crust unless they made contact with a still molten (granite?)
magma at a lesser depth. Solomon (1971) concluded, from a study of the
sulfur-isotope ratios, that the sulfate in barite came from lower Carbon-
iferous connate waters. He did not, however, think that the delta-34S
values of the sulfide sulfur in the ores could have been obtained from a
magma or, for that matter, from connate sulfate either. He appealed,
therefore, to a process by which the connate waters descended to considerable
(or great) depths and underwent differentiation (though what was meant by
that word or how the process would operate is not clear). At any event,
these rejuvenated connate waters, with their delta-3%S values now right for
the Northern Pennine ores would meet the fluorine-lead-rich waters or have
been mixed with them at such times and such amounts as to make possible the
deposition of the ores in the places and abundances known to exist.

This version of the genetic hypothesis for the generation of the
Northern Pennine ores has something for everyone in it. Or, if you do not
like the present mix, wait a year or so and some further addition will be
made to the complex picture already painted to solve (finally?) the problem
of the genesis of such ores. If only we could return to Dunham's simple
1934 hypothesis.

Now to consider the Askrigg block that is located in the Yorkshire
dales (the second home of James Herriot), Swaledale, Wensleydale, Wharfedale,
and Nidderdale. This block also is bounded by faults or folds on three sides
and by covering Permo-Triassic and Jurassic rocks to the east (see the
second paragraph of these notes). The sedimentary sequence {Ineson, 1976)
is comparable to that north of Stainmore. The rhythmic sequence in the
Alston block is well developed in the northern part of the Askrigg; in the
southern Askrigg, however, the upper part of the upper Limestone group and
part of the middle Limestone group have been cut out by the transgression of
the Millstone grit across the eroded surface of the limestones. As is true
in the Alston block, the thick Basal (lower) limestone {Great Scar limestone)
outcrops abundantly in the south of the Askrigg.

The ore deposits of the Askrigg are in ribbon veins and stratiform
bodies; in Swaledale, Wensleydale, and the northern part of Wharfedale these
ores occur in thin hard beds of the rhythmic sequence and in the Main lime-
stone (probably the equivalent of the middle Limestone group of the Alston
block). In the southern part of the Askrigg (Wharfedale and Greenhow), the
Great Scar limestone is the host rock to the ore. On the contrary, in
Grassington and Nidderdale, the mineable deposits are in the basal Millstone
grit.

In the same manner as the Alston block, the Askrigg is underlain by
granite, an elongate, east-west-trending mass of igneous rock. No equivalent
of the Whin sil1l is known in the Askrigg block.

The ore bodies of the Askrigg are veins in faults that have only minor
displacement. In the northern part, the fault-vein pattern is east-northeast
and west-northwest; whereas in the central portion, north-northwest veins
dominate. In the southern margin of the field, the preferred direction of
the fault veins ranges through 40° to 20° on either side of an east-west line.

RAB-D*
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The average deposit is small, though they are numerous; any single deposit
therefore is short-lived and the total output of each is minor in amount.
It is possible that, in the Greenhow area, where exploration was being
carried out in 1976 and before, large reserves may be found at depth.

In contrast to the broad zoning of fluorite and barite in the Alston
block, fluorite in the Askrigg is confined to a number of small and separate
areas; in these, fluorite usually does not amount to more than 10 per cent
of the vein filling material, in which the main minerals are galena, barite,
barytocalcite, and some witherite. Around each of these fluorite centers,
the gangue of the lead veins contains no fluorite but instead is barium
minerals or calcite. Silica is notably absent, either as quartz as in the
Alston or as chert as in North Derbyshire. MNotable parts of the mineraliz-
ation are in crustified banding, and polyphase mineralization is common,

No such direct relationship appears to exist between the Wensleydale
granite beneath the Askrigg ore area and the ore areas as is true in the
Alston block. Ineson (1976) says than an interpretation of the gravity and
magnetic data (Bott, 1967), as was done for the Weardale granite under the
Alston block, suggests that coincidence between zones of fluorite mineraliz-
ation and granite cupolas cannot be established as it was in the Alston
block. Ineson, however, considers that the fluorite centers do indicate
feeder zones. .

Little work has been done in the Askrigg block on wall-rock alteration,
fluid inclusion temperatures of filling, and isotopic-age determinations.
Data on isotopic analyses of sulfur and galena from the Greenhow area are
given by Mitchell and Krouse (1971). They believe that these data fit a
theory that the sulfides were deposited from an Na-Ca-Cl brine, relatively
homogeneous, and that its source was in the lower crust and related to the
granite basement. They thought that the "granitic basement" had been pro-
duced by anatexis of earlier rocks during the Caledonian orogeny. This
implies that the ultimate source of the ore and gangue elements was from
Paleozoic and Precambrian sediments and volcanics. They proposed two ideas
for the manner in which remobilization of the elements of the Askrigg ore
bodies was achieved.

The first of these mechanisms was assumed to be similar to that by
which the Cornish deposits were formed, that is, fluids of deep-seated
genesis moved upward into the Askrigg block through channels opened (or re-
opened) in Variscan time in the granite underlying the block. These fluids
ultimately reached the actual sites of Askrigg block ore deposition and
there formed the Askrigg ores. The second suggestion was that the crust
below the Askrigg block was partially melted and produced ore fluids that
contained the anomalous leads found in the Askrigg ores. They base their
idea of a partial melting of the crust on the presence in Derbyshire of
basaltic lavas and tuffs and of the Whin sill and its associated dikes in
the Alston block, the presence of these igneous rocks being obvious proof
that some melting had taken place at depth. These ideas are all very well,
but they are based on rather tenuous reasoning from a rather uncertain data
base. I suspect that there is appreciable truth in what they surmise, but
their ideas hardly mesh with those that have been put forward most recently
and with most acceptance in the Pennine ore districts. It is almost certain
(to me at any rate) that ores so similar to each other as are those of the
three Pennine districts could not have been formed by waters of compaction
in North Derbyshire and the Alston block and by ore fluids derived from
igneous magmas for the Askrigg block ores.

My decision as to how to classify these deposits is easy. They
certainly were formed by solutions at low temperatures and pressures from
solutions of high salinity. These deposits, therefore, are telethermal no
matter from where they came or how they were produced and are so categorized
here.
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In 1971, Mitchell and Krouse published a study on the ores of the
Greenhow-Skyreholme area in the Askrigg block of Yorkshire. They consider
that the ores in this area were emplaced epigenetically and are strata-bound
only in the sense that they are localized in favorable horizons. Most of
the deposits are in fault fissures of small displacement. The fissures
contain appreciably amounts of breccia, and the breccia fragments were fully
or partially cemented during the mineralization process. Much open-space
filling by the mineral material also took place, and much of this shows
rhythmic deposition. The ores in this area are confined entirely to the
Visean limestones (zones S,, Dy, D, - see the notes of the North Derbyshire
deposits).

Part of the ores of the Greenhow-Skyreholme district are located to the
north of the major North Craven fault and part to the south. On the north
side of this fault, the ore veins are related to domes on the east-north-
east-striking Greenhow anticline. The anticline is cut by a few large faults
that run in various directions and numerous small fractures in which the ores
are contained that strike mainly in an east-west direction. South of the
fault, the ores are in fractures that cross the axis of the Skyreholme anti-
cline and strike, on the average, about east-southeast. Whether or not the
two anticlines were once one structure before the developemnt of the North
Craven fault apparently is uncertain. The mineralogy of the ores is typical
of much of the district; galena is the only sulfide and fluorite the major
non-metallic ore mineral. The other non-metallics are calcite and barite.
These authors say that a crude mineral zoning obtains in the area with
fluorite-rich centers being located at Greenhow, Gill Head, and Burhill.

The veins at Greenhow (and Black Hill) are abundantly mineralized with galena,
fluorite, mainly a pale violet, and calcite. The veins at Gill Head and Bur-
hill are almost entirely filled with pale yellow fluorite; galena is rarely
present. The areas are similar to the fluorite-rich zones in the Alston
block (Dunham, 1934); Dunham considers that these zones may indicate the
location of feeder channels through which ore fluids rose from great depths.
Mitchell and Krouse point out that this conclusion was reinforced by

Sawkins' fluid-inclusion studies (1966). From the Caledonian age of the
granites under the Askrigg block, these could not have been the source from
which the ore fluids came, but through-going fractures in this granite may
have been the channelways through which ore fluids, originating at even
greater depths, may have reached the Visean limestones in the Askrigg block.
Against this argument is the fact that the granite beneath the Askrigg block
does not have cupolas (as proposed by Bott, 1961) under the fluorite-rich
areas as is the case in the Alston block. However, it can be argued that it
is not unreasonable to assume that channelways may exist in parts of the
granite not involved in the cupola structures.

The range of delta-3%S values in the ores from the Greenhow area of the
Askrigg block is small, the standard deviation being +1.1°/,, and the mean
delta-34S values is -2.2°/,,. These are values to be expected from magmatic
hydrothermal deposits. Most Mississippi-Valley-type deposits have a much
wider range of delta-3“S values. Whatever the problems are in interpreting
the wide-ranging delta-3“S values of most Mississippi-Valley-type ores, they
need not concern us here. The sulfides in the Askrigg ores are slightly
more negative than those of basalts that Mitchell and Krouse consider
definitely to be from a mantle source. This can probably be explained by
the fractionation of 32S into the ores (and the resulting concentration of
34S in the ore fluid that eventually escaped to the surface and was
dissipated). Thus, the sulfur-isotope evidence definitely points to a magmatic
source for the Askrigg sulfur {and, by inference, for that of both the Alston
block and the North Derbyshire district).

Mitchell and Krouse have calculated the Holmes-Houterman model ages for
the Pennine leads for which they have isotopic composition and found that all
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of them gave ages that are far to very far lower than the geologically deter-
mined ages. This means that the Pennine leads are anomalous or J-type (J

for Jdoplin) in that they indicate, by the methods of mathematical analysis

in present use, that the ores are far younger than the geologic relations-of
the rocks that contain them permit them to be.

Mitchell and Krouse also comment on the age of mineralization in the
Pennines as determined by “%Ar/3%Ar dating methods as used by Dunham and his
colleagues (1968). Dunham's results indicated that Pennine mineralization
took place in three stages, at 280, 230, and 170 million years ago. Dunham
used Moorbath's Tead ages, which Mitchell and Krouse think are invalid,
particularly for Moorbath's 280 million year date. Secondly, they are not
clear as to what the 230-million-year and 170-million-year ages refer. In
addition to objecting to the manner in which Dunham interpreted his and his
colleagues' results, Mitchell and Krouse point out that several other ways
of interpreting his results would be valid, given what is known today.
Dunham and his colleagues worked with very fine-grained material, and the
validity of results from such material is uncertain. Further, they contend
that mechanical crushing may Tiberate appreciable Ar and that certainly the
actual physical size of the grains studied influences argon retentivity, the
smaller the grains, the less well argon is retained. Thus, they conclude
that, even if the White Whin (altered Whin sill) was produced during ore
mineralization, the ages given by Dunham may represent no more than the
differential loss of argon in the different-size fractions of the alteration
zone. Mitchell and Krouse note that similar effects have been determined
in deuterically altered Whin sill material in Teesdale where dolerite con-
taining aggregates of clay minerals give an appreciable spread for ages for
mineralization; they believe that the spread is due to sample inhomogeneity
of grain size rather than to instrument differences.

Mitchell and Krouse think that, once an environment favorable to the
formation of anomalous leads has been established, two processes exist by
which leadmay be extracted from this source to form ore deposits.

The first of these derives from data obtained from the Cornish ores.
There ages as young as 50 million years have been obtained from the leads.
They suggest that these different ages could be obtained by the escape of
ore fluids over a Tong period of time (in geological terms) from a long-
continued pool of still molten material deep beneath the surface. Such a
process could also have obtained in the Pennines. Their second alternative
is that the ore fluids could have been derived from the differentiation of
masses of partly fused material in the lower crust of the Pennine basement.
This differentiation could have produced fluids containing anomalous leads
and these could have transported and deposited the leads in the Pennine
districts. Either of these mechanisms well might produce several separate
ore fluids that would deposit in several centers of mineralization, each
of which would have its own isotopic lead composition. Mitchell and Krouse
favor the lower crustal source for the ore fluids, but they admit that
present-day data are not available to distinguish which, if either, of the
hypotheses is applicable to the Pennine districts.

Whatever the source and composition of the Pennine ore fluids, they
certainly deposited their mineral loads at low temperatures; the mineral
suite is typically that of the telethermal range, a fact confirmed by the
lack of recoverable silver in the Pennine ores. The deposits are, therefore,
here categorized as Telethermal.
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Notes

Lead has been mined from the Peak district in northern Derbyshire since
the time of the Romans. Mining has continued in the district, with various
degrees of activity and changes in minerals sought. At present, fluorspar
is the main material mined (some 150,000 tons annually) with important
amounts of barite (20,000 tons per year) and lead concentrates (4000 tons
annually). Zinc apparently is not now mined in any appreciable amount, but
it was abundant in the Mill Close mine and essentially nowhere else in the
district. Of the 680,000 tons of lead concentrates produced from the dis-
trict through World War II, Dunham (in Schnellmann and Willson, 1946-1947)
reports that two-thirds came from one mine, the Mill Close, and, of the
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80,000 tons of zinc nearly all was mined at Mill Close. The Mill Close mine,
although in the Tower Carboniferous 1imestones is located under a cover of
Millstone Grit in a salient that extends west from Matlock; the Mill Close
vein strikes irregularly north-south from the center of the south boundary
of this salient. This mine is discussed in more detail later in these notes.
Although chalcopyrite and pyrite are common in trace amounts principally as
inclusions in fluorite and calcite, these minerals, plus several other
copper minerals were produced in quantity only from the Ecton mine, near the
western border of the ore field. Silver is present in the galena, normally
less than 0,005 per cent but Tocally as much as 0.05 per cent has been

found.

The North Derbyshire (Peak) district is about 40 kilometers long from
north to south and its greatest width is about 20 kilometers, but most of
the working and worked deposits were in the eastern half of the area. The
ore is confined to a gently undulating plateau, the highest elevations of
which are 450 meters above sea level. The plateau is surrounded by outward
dipping scarps of the coarse sandstones of the Millstone grit that rise to an
elevation of 600 meters and is deeply dissected by narrow dales (valleys).

The mining of lead ended with the end of the 19th century, but fluor-
spar mining continues to be important. Exploration for additional deposits
of fluorspar is being actively conducted.

The host rock of all the workable deposits is the Carboniferous, but
some 30 areas of minor galena mineralization are known in the Triassic
Bunter sandstones. The Carboniferous stratigraphy is most complicated by
numerous changes in facies both laterally and vertically, and, as yet (Ford,
1976), no synthesis has been developed that encompasses the entire mass of
Carbonate rocks in the Peak district. The sequence of limestone beds is
about 500 meters thick on the average, and its base is not exposed anywhere
in the district. Two holes have been drilled through the Timestones, one
showed 300 meters of Timestone beneath the Towest outcropping at the surface;
the hole bottomed in volcanics, the age of which is not known. The second
went through 1800 meters of limestone and was stopped after reaching Ordo-
vician slates. The hole penetrated anhydrite lenses near the base of the
limestones.

The rocks that can be seen at the surface have been divided into
paleontologic zones, known as C, S, and D (from bottom to top). Each lettered
zone is divided into two parts on the basis of diagnostic index fossils,
mainly corals and brachiopods. The validity of this scheme was under
question (Ford, 1976), but he knew of nothing better to use in stratigraphic
studies in the district. The main part of the outcrops in the ore district
is composed of Dy and D, subzones, the greater part of which is massive
calcarenites; chert nodules are common in the upper beds. Around the north-
ern and western borders of the ore field, reef complexes are impressively
exhibited; they contain highly fossiliferous calcilutite bioherms. The
material deposited out in the basin at the same time as the development of
the reefs is poorly exposed and, only a short distance from its outcrops,
dips beneath the surrounding Millstone grit. Within the D, subzone, shallow
basins and swells were developed, and these in places are aligned with later
folds.

Within the D subzone, numerous occurrences of basaltic volcanics,
contemporaneous with the sediments, are known; usually they take the form of
bedded Tavas and tuffs with very few necks and sills and almost no dikes.
The basalts are known as toadstones, either from the German "todt stein" or
from their green and yellow color. The use of these volcanics as strati-
graphic markers is 1imited because they thicken and thin so irregularly that
it is difficult, if not impossible, to trace individual beds over any
appreciable distance. The greatest thickness of the flows is about 30
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meters, but a thickness of 20 meters is much more common. Some narrow tuff
beds are altered to green clay known as "way boards".

The toadstones (Ford, 1976) are considered to have exerted considerable
control over the upward passage of the ore-forming fluids because of their
overlap and varied thickness. The toadstones also control the present
distribution of groundwater and thereby had much influence over what ground
could, and could not, be mined in the days before modern pumps were
developed.

Ford (1976) says that the general paleogeographic picture was of a
lagoonal area partly surrounded by reefs to the north, west, and south with
deeper-water basins beyond them. Locally, within the lagoon, deeper water
also occurred; mounds of crinoidal debris also were accumulated within the
lagoon. Volcanic activity took place irregularly throughout the life of
the lagoon to lay down ash falls and lava flows on the lagoonal floor and
even down the reef-front.

The three fossil-divided stratigraphic sequences all are lower Carbon-
iferous (Avonian); at the end of the Avonian, minor uplift and warping
produced anticlinal crests that were considerably eroded, and the debris, in
places very coarse boulder beds, covered the eroded reef front.

The rocks overlying the lower Carboniferous are upper Carboniferous; the
formations are (from bottom to top); (1) the Millstone Grit series, which is
a cyclic sequence of deltaic sandstones that alternate with shales of
Namurian age and (2) the Coal Measures, also a cyclic sequence that has
fewer sandstones than the Grit series and contains many coal seams - all of
which rocks are of Westphalian age. Both the Millstone Grit series and the
Coal Measures are each about 1500 meters thick at the north end of the ore
field and about half that at the southern. The lowest formation of the
Grits (Edale shales) ranges considerably in thickness, depending on the
structure over which it was laid down. For example, the Edale is some 270
meters thick at the north end of the district, but it is no more than 50
meters at the farthest east tip of the ore field. The thickness of the
Edale, however, is such that this formation probably provided a nearly com-
plete seal over the limestones in the area during mineralization. The
impervious character of this seal is shown by the presence of no more than
traces of mineralization in the Millstone Grit and in the Coal Measures. In
Carboniferous times, the lower Carboniferous 1imestones must have been
buried under between 1500 meters (south) and 3000 meters (north) of Millstone
Grit.

The area of mineralized limestone usually is called the Derbyshire
"Dome". The structure, however, is much more complex than a dome. The
eastern portion of the ore field is composed of a series of east-west
plunging anticlines with east-west axes. The up-folding of these structures
began before sedimentation ceased, as is demonstrated by the changes in
facies between anticlinal crests and synclinal troughs. 1In some areas, these
east-west folds have been so distorted as to produce south-facing monoclines
at two places along the eastern margin of the ore area. Where the east-west
folds are followed east from the ore area, they appear to curve to the south-
east where the Derbyshire coalfield is reached. Locally, high points on
these folds form two inliers in the Millstone Grit east of the ore field.
Both of these structures contain many veins, the mineralization in which is
dominated by fluorite. On their western ends, the folds merge into the
usually north-south crestal area. In fact, in the west and southwest of the
ore district, both folding and faulting trend strongly north-south. These
trends date from the post-Triassic as they also are seen in the Staffordshire
coalfield even farther west. The dips on the folds normally are less than
20°, generally between five degrees to 10°. Only in the marginal reef
complexes are the dips as high as 40° to 50°. The deformation of the area
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was further increased in late Permian, post-Triassic and Tertiary times as
can be inferred from the stratigraphy of the surrounding areas.

A1l faults in the lower Carboniferous 1imestone have been mineralized
along at least parts of their lengths, and these are not distinguished from
veins in mapping. The northwest-southeast set of veins, although they are
mineralized, show little displacement; the monoclinal folds, however, grade
into major east-west faults in the south-central part of the interior of the
mineralized area. Even more important northwest-southeast faults, in the
same general area, produce graben troughs as much as one kilometer wide.
Most of the east-west faults and some of the northwest-southeast faults
exhibit horizontal slickensiding; they are almost vertical. If the beds they
cut dip gently, the displacement appears to be normal, but actually, these
are wrench faults with small east-west displacement. This desplacement is,
in places, right-handed and, in others, left. The minerals filling the
veins locally are brecciated, refaulted, and re-opened by lateral stress and
tension. In the west of the district, some north-south faulting is present,
though 1ittle mineralization is known in any of these structures.

The age of the faulting is not certainly known, although it is post
lower Carboniferous and, from the re-opening during mineralization, the
faulting must have been at least partly contemporaneous with the mineraliz-
ation.

Ford and Ineson (1971) believe that the stress field changed consider-
ably with time; first a north-south compression caused folding, then east-
west compression produced both folding and faulting in the west of the
district, then, through lateral (northwest-southeast?) stress, wrench fault-
ing occurred, then north-south tension re-opened the wrench faults to permit
later mineral deposition. But, even this rather complex sequence of events
does not account for the richest mine of all, the Mi1l Close, where the ore
is in a series of en echelon north-south fractures that cross an east-west
syncline that is outside (east of) the area of the outcrop of lower
Carboniferous limestone.

After the deposition and lithification of the upper Carboniferous Edale
shale and the higher rocks of the Millstone Grit, the rocks of the district
were upwarped and this permitted erosion to remove much of the cover rocks
from over the Tower Carboniferous limestones in the present area of their
outcrop. This removal was mainly in the southern part of the ore field.
This period of erosion was closed by the transgression of the late Permian
Zechstein sea. Ford believes that this advent of the sea allowed magnesium-
rich brines to penetrate where cover was thin or lacking and to convert
portions of the uppermost lower Carboniferous 1imestones to dolomite. After
the deposition and lithification of Zechstein rocks, the rocks of the cover
were upwarped in the early Triassic and much of the Permian cover was
eroded away. This erosion was followed by the transgressive deposition of
the Bunter pebble bed and sandstone as alluvial fans from the south; later a
cover of Triassic Keuper marl was laid down. During the Jurassic and
Cretaceous a thin layer of late Mesozoic rocks was deposited. These last
rocks were removed by erosion as the result of an early Tertiary uplift; a
more impressive late Tertiary uplift permitted the removal of the Triassic
and remaining upper Carboniferous cover. The present land surface in the
district was a result of Pleistocene glaciation and the accompanying peri-
glacial cutting of the dales (narrow valleys) of Yorkshire.

The southern Pennines are flanked to the east, south, and west by
nearly horizontal Triassic beds; these include the basal Bunter sandstone
and pebble beds, then the Keuper sandstone in the middle, and above that
thick Keuper marls that contain beds of gypsum. Ford (1976), Ford and King
(1968) report that some 30 localities in the Bunter sandstones contain galena
barite, and dolomite in voids between pebbles and sand grains. Most of these
mineralized volumes are small lenses in coarse sediments in the vicinity of
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a clay layer and, in many places, near a fault. The ore fluids may have been
remnants of the major ore-fluid volume that produced the major ore veins in
the lower Carboniferous rocks and to have been channeled into their sites of
deposition by faults and clay layers. The largest of these Triassic
mineralized areas (Alderley Edge) is in northeast Cheshire, just east of the
border with Derbyshire. The Alderley deposit is at least 10 km from the
nearest lower Carboniferous-rock outcrop; this Carboniferous outcrop is a
small, unmineralized inlier, some distance removed from the main Tower
Carboniferous rocks. The Alderley ores are largely malachite-cemented sand-
stone with galena impregnations and much barite cement; they are some 1000 m
above the base of the Triassic beds and are noted for a considerable content
of cobalt, nickel, and vanadium minerals. These ores may or may not have
any genetic connection with the lead-zinc mineralization of the main North
Derbyshire ore field that is contained in carbonate rocks; the probabilities
seem to be against such a connection. Warrington (1965) believes that the
Alderley ores resemble the Red-Bed copper deposits of western North America;
he also reports that age determinations on Alderley galenas suggest a time
connection between the two mineralizations (North Derbyshire and Alderley
Edge) at least. The Alderley ores, although they are largely restricted to
definite horizons and lithologies in the Triassic beds, are so closely
related in space to the fault system of the area that they probably were
introduced by epigenetic processes.

Although the differences between the Alderley and North Derbyshire ores
are great enough that both cannot have been developed by highly similar
ore fluids, their generating fluids almost certainly were of the same class
and time of introduction into their respective host rocks. The youngest
North Derbyshire rocks to contain at least modest amounts of ore minerals are
those of the Triassic Bunter. The rocks immediately above the Bunter, the
Keuper marl, probably were impervious enough to have preventedthe ore fluids
from moving higher into the stratigraphic oolumn in appreciable quantities;
it also is possible, however, that the ores were brought in before the
Keuper was deposited. In either event, the age of the North Derbyshire
(Peak district) mineralization probably was Triassic rather than Jurassic,
although this possibility cannot be dismissed. It is, nevertheless,
apparently better to classify the North Derbyshire ores (and those at
Alderley Edge) as Early Mesozoic rather than Middle.

Galena is the only sulfide present in abundance in the North Derbyshire
ores. Lesser quantities of sphalerite are present, but, as has been
mentioned, the only economic source of the zinc sulfide was in the Mill
Close mine, off the east edge of the carbonate-rock outcrop area. Sphalerite
(except at Mill Close), along with pyrite and chalcopyrite, occur as traces,
mainly as inclusions in fluorite and calcite. Bravoite is widespread as
inclusions in fluorite, but it is almost unknown as a separate mineral. The
only mineable mass of chalcopyrite was in the Ecton mine, some dozen kilo-
meters due south of Buxton; but probably no more than 10,000 tons of copper
in all were produced there. No definite genetic connection has been
established between the Ecton ores and the lead ores of the district, al-
though such may exist.

The major minerals in the North Derbyshire gangue are fluorite, barite,
and calcite, whereas quartz and dolomite are much less in amount. Cerussite,
smithsonite, and rosasite [(Cu, Zn),(C03)(0H),] are present as the result of
oxidation of primary sulfides. About 100 minerals in all have been identi-
fied from the district (Ford and Sarjeant, 1964). Fluorite appears to domin-
ate in the east, calcite, in the west, and barite in between, this certainly
is not a consistent rule, many variations from it having been noted.
Fluorite occurs in several varieties: hydrocarbon-rich Blue John, cloudy
yellow Crich spar that has drained or gas-filled inclusions, and pyritic
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fluorite; it has been suggested that these fluorite varieties are also zoned,
but this arrangement also suffers from many exceptions. The barite is cream-
colored and is the earthy-fibrous variety locally called cawk.

The paragenesis of the North Derbyshire ores has not been thoroughly
studied, but it appears that several stages of mineralization have taken
place with repeated faulting and brecciation occurring between successive
generations of fluorite and barite; galena is mainly confined to the early
stages. Ixer (1974), however, has argued that the mineralization (at least
in the Masson-Hill flat) was a single, long-drawn-out event with fluorite
beginning precipitation early on; barite was appreciably later and, Ixer
thought, ceasing to deposit before fluorite stopped. He believed that galena
and sphalerite deposited over only a short period in the latter half of the
mineralization cycle. Calcite began early but deposited heavily only near
the end of the cycle. From the diagrams that Ford gives, it appears that the
order of ore and gangue mineral crystallization was determined by the rela-
tive concentrations of the mineral constituents in the ore fluid, which must
have differed widely from place to place. Nor does it seem that the
relative concentration of the mineral materials was constant in any one ore
fluid. Cinnabar and greenockite are trace minerals.

In many of the deposits, hydrocarbon compounds ‘are present, some 30
having been identified. These mostly are paraffins that resemble closely
organic materials contained in the country rocks and similar compounds 1in
the 0il of the East Midland fields. It seems probable that these hydro-
carbons had no genetic connection with the ore-forming fluids but that they
were caught up in these fluids as the latter travelled upward and outward
from the source area.

The North Derbyshire ore bodies are locally divided into four types:
(1) Rakes - These were produced by the filling of major faults with ore and
gangue minerals; originally the fractures were wrench faults, of usually
near vertical dip, that were later opened by tension. In places, slight
departures from a single direction of strike, plus some horizontal movement,
brought convexities on a right- (or left-) hand wall into opposition to a
similar structure on the other wall, This would result in a narrowing of
the vein at that contact, whereas, the opposing concavities further along
the vein would form open spaces of appreciable dimensions. This resulted in
the common phenomenon of pinching and swelling on any rake-vein where the
proper conditions of initial vein shape and later horizontal movement pro-
duced such confrontations. Most of the rake-veins were faulted after having
been filled or partly filled by ore and gangue minerals, resulting in new
open space that later could be filled by a new generation of ore minerals
with fractured blocks of the older mineralization being cemented by minerals
of the younger. Not only are slickensided walls common in rakes, but
slickensides also may cut across the brecciated and cemented vein filling;
the slickenside grooves normally are nearly horizontal. The rakes are
strong structures, having been followed in many instances for more than six
kilometers. The rake widths may be as great as 30 meters although the
average is between five and seven meters. Despite some rakes having been
followed downward for 300 meters, no rake was bottomed because the ore ran
out - instead haulage or drainage problems forced cessation of mining.

(2) Scrins - These consist of open joints on which movement was neglig-
ible, if it took place at all. These tiny veins were nearly always
essentially vertical with the minerals that filled or partially filled them
growing in from the walls. Scrins are much shorter than rakes, seldom more
than a few hundred meters in length, and few were mined below 100 meters
from the surface. Scrins may branch out from rakes, and, where they inter-
sect rakes, both structures may be considerably enriched. Just how narrow
a rake may be or how wide a scrin is not defined, but it is agreed that there
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are hundreds of named rakes but thai scrins number in the thousands. Most
rakes trend east-west, but scrins can differ in strike from northwest-south-
east to northeast-southwest; probably the nearer a wide scrin is to being
called a rake depends on its strike.

(3) Pipes and Flats - Just as it is difficult to say where rakes end
and scrins begin, so it is difficult to distinguish between pipes and flats.
A flat is defined by Ford as a strata-bound ore body in which width and
length are much the same; flats more or less follow the bedding in the
Carboniferous country rock in which they are contained with important
exceptions. A pipe is a strata-bound deposit in which length greatly exceeds
width. Pipes are elongate flats much longer than wide; again, the problem is
to decide at what disproportion of length to width is the ore body a pipe and
not a flat. Actually, this is no real problem as a quick description of the
ore body will tell the average ore geologist which term he ought to use;
only a few will be borderline cases. Although Ford (1969) calls the flats
and pipes stratiform, he really means strata-bound since, both flats and
pipes can meander through one or more formations as his diagrams show. In
fact, some pipes are fillings of karst features of various stages of
development, but these pipes do not appear to cross from one formation to
another. Flats, on the contrary, are not formed in karst features but,
instead, appear to follow bedding planes and low-dip fractures thatmay cross-
bedding planes to comnect one favorable bedding plane with another.

Further, flats may be flat (or essentially so) when following one bedding
plane, steepen somewhat to travel upward to the next bedding plane or to be
ponded beneath a toadstone or shale bed where they flatten again. It appears,
from Ford's diagrams (1969) that some flats actually cross from one formation
to another (within the carbonate sequence) so not all of them, at least, are
strata-bound. Thus, pipes seem to be connected with fissures and karst
cavities, whereas flats are governed by such features as bedding planes and
impervious beds. Despite these differences, an elongate flat that has no
connection with karst features may nevertheless be classed as a pipe. The
entire problem is complicated by the fact that almost all mines in pipe and
flat ore bodies have been abandoned and can no longer be seen to make

certain if they obey the rules just laid down. An exception to this last
statement appears to be the flat at Masson Hill, near Matlock that is
described by Ixer (1974). This ore area will be discussed later in these
notes, after the Mill Close Mine.

Ford (1969) mentions three types of pipe settings that may help clarify
the problem. The first of these is the Blue John Fluorspar fillings of
caves and voids between large boulders (up to 10 meters in diameter) in the
basal Namurian conglomerate. Such a pipe appears to have been fed from an
adjacent rake, but the rake also seems to have provided the material that
fills cavities in a karsted reef complex in the Carbonaceous beds
immediately under the conglomerate. Although Ford's diagram is in two
dimensions only, it would appear to me that these ores are flats rather than
pipes.

The second is a typical series of bedding plane and inclined channelways
that connect one bedding plane with another, and all are filled with ore.
They cross at least two, probably three, formations so are, in the strict
sense, not strata-bound at all.

The third shows cavities growing upward by means of hydrothermal karst
activity. These cavities later were filled probably not much later and
probably through activity of the same cycle of solutions that produced the
karst cavities. The limestone between the upper and lower bounding planes
of toadstone appears to be of one formation, and the ore-bearing structures
probably are correctly designated as strata-bound pipes.
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The fourth is the ore structures produced by the filling of solution
cavities developed alongside of rakes. These are nearly vertical structures
and probably cannot be called anything but pipes even though they are hardly
pipes in any classical sense. Of interest is that their filling involves a
certain amount of replacement, a process not as important in typical Peak
district pipes as it must be in bedding-plane flats.

The two large copper pipes at Ecton are qu1te different, both
structurally and mineralogically, from those in the main eastern portion of
the Peak district. These pipes are localized around the intersections of
two veins to produce a more or less cylindrical and vertical ore body. These
ore bodies, now abandoned and flooded, are known to have been mineable for
at least 300 meters below the surface but what their relationship was to the
tightly folded and faulted host limestones that the intersecting veins cut
is impossible now to determine. The abundant chalcopyrite in these deposits,
however, so markedly different from the mineralization in the remainder of
the Peak district, places these deposits outside the category of North
Derbyshire ores.

The pipe deposit at Masson Hill, classed by Ford as a pipe and by Ixer
(1974) as a flat, is an elongated combination of void filling and replace-
ment in a junction zone between dolomite (above) and limestone (below). The
ore body appears to depart only slightly from the horizontal and to be
confined in its rather narrow length by parallel sets of scrins on its sides
and by toadstone layers (locally no more than wayboards) above and below.

The main mineralization results from replacement of sedimentary calcite and
dolomite and quartz. This mineralization, however, is typical of the
fluorspar deposits of the Peak district, consisting mainly of fluorspar and
quartz with lesser barite, calcite, and galena. Locally, the Masson and
Jughole deposits contain a layer of mixed sulfides - galena, pyrite, bravoite,
pyrite, marcasite with traces of chalcopyrite and sphalerite. It typifies

the problem of properly naming the more or less horizontal ore bodies; it
certainly is flattish, but it also is much more elongated than equidimensional.
Therefore, Ford refers to it as a pipe even though it does not have the ver-
tical character normally thought of as being characteristic of pipes.

The huge (by Peak standards) deposit of Mill Close is unusual in that,
for its entire length it is covered by Edale shales and does not outcrop.

It was discovered by following surface outcrops of minor veins on the lime-
stone outcrop south of the contact of limestone with Edale shales. Farther
north, these veins made contact with others of far greater widths and depths
than had been shown by the veins followed from the outcropping limestone.

At Mill Close, the ore has been mined down from the overlying shale by
following veins and vertical pipes until a huge flat (or manto) was reached
under the seventh (counting down from the shale contact) lava-pyroclastic
toadstone layer. The combined vein (Rake-fault-joint system) proceeds
(starting at the south end of the structure) along the 01d Mill Close Joint
(essentially of north-south strike) to a junction with the northwest-striking
Mi1l Close Fault; this, in turn, intersects the Main Joint (actually a fauit
of minor displacement) and follows that structure to about 2100 m north of

the zero coordinate where it is connected through rather indeterminate
fractures, to the north-northwest-striking Pilhough fault where the mineraliz-
ation appears to die out, probably cut off against the west-southwest-striking
Long Rake. To the south, at least 3650 m south of the Long Rake, the Coast
Rake (also a west-southwest rake) cuts off the ore to the south. The maximum
length of the mineralized zone appears to be about 4.5 km.

The dominant structure of the Mill Close area is a broad anticline, the
axis of which strikes roughly northwest-southeast. The northwest system of
gash veins (rakes) developed as a reaction to this folding. The north-south
system of joints probably was due to a later stage of this folding (Traill,
1939). After a quiet interval, a minor north-south crumpling along the
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eastern flank of this anticlinal dome formed a series of broad folds (with
an east-west strike) that died away gradually to the west (towards the main
north-south anticlinal axis). The structures that localized the Mill Close
ore bodies are on the southern 1imb of one of the minor east-west synclines
and are limited to the north and south, respectively, by the Coast and Long
rakes. Thus, the dominant east-west structure is a trough that pitches
gently eastward; it has an east-west length of about six kilometers and a
width, between the two rakes, of about four kilometers. The syncline is not
symmetrical as the dip of the southern 1imb is quite gentle and that on the
north flank is quite steep.

The folding caused the opening of a large number of joints that fall
into three systems: (1) Northwest-southeast gash veins that range in strike
between north-northwest and west-northwest; (2) North-south joints, and (3)
generally east-northeast-west-southwest fractures, although individual
fractures depart somewhat from this direction. System (3) provides by far
the greatest number of veins, and these range in size and continuity from the
great rakes (Long and Coast) to small scrins (or stringers) that intersect
the members of the other two systems. All of these three sets of fractures
potentially may contain ore, and the main line of ore bodies shifts from one
system to another along the generally north-south direction they follow.
Most of the fractures are true joints and, where these are not enlarged by
solution, they are the thinnest cracks. The few true faults have vertical
displacements, in most instances, up to 2.5 meters, with the upper limit
being five meters or less. Most of the actual faults belong to the north-
south system and a few to the northwest-southeast system; no fault is of the
rake system. Although the faults are minor enough in displacement to create
essentially no problems in mining, they certainly provided channelways
through which the upward-moving ore fluids could travel. Because the toad-
stones break less cleanly than the limestones and because they are less
soluble than the limestones, the ore fluids normally had to find a way
around the lens-like toadstones if they were to reach higher into the
formation sequence; but some ore-passage faults cut through toadstone.

The ore-body size and shape at Mill Close was determined by the position
of the toadstones in the sequence, the degree to which the 1imestones were
fractured, and the continuity of the fractures. Since not all the beds are
flat in the Mill Close area, ore fluids, in many places, followed steeply
dipping beds upward and usually bypassed the toadstones only when the beds
became flatter and the toadstones lensed out. On the lowest level of the
mine, where the ore fluids apparently were much blocked off by the lowest
toadstone layer, they not only rose upward through the formation, utilizing
fractures that bypassed the toadstones but also took advantage of karst
features developed in the lowermost portion of the rock volumes to fill open
space and to replace debris on the floors of the karst cavities. Other
quantities of ore fluids worked their way out into the walls of the major
and minor fractures and replaced solid rock to add to the total size of the
manto.

Traill (1939) outlines the history of the deposit as follows:

(1) folding along a northwest-southeast axis to produce the
northwest-striking joints in limestone; the fold plunges
northwest at a low angle; later this same tectonic episode
caused the opening of north-south joints and east-northeast-
west-southwest fractures

(2) development of karst cavities on either side of these
fractures; cavities are confined between over- and under-
lying toadstones; solutions moved upward from northwest-
southeast
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(3) cavities along joints eventually produced more or less
circular inclined pipes, average diameter about six meters

(4) further increase in cavern sizes, eventually removing enough
support from toadstone roofs that they collapsed, allowing
blocks of toadstone and limestone to fall to the cavern floor

(5) with the essential completion of cavern formation, the
entire area later to be invaded by ore-forming fluids (as
opposed to cavern-forming ones that probably were closely
related in both genesis and time) would resemble a huge
tunnel to a greater of lesser extent filled with blocks and
finer rubble of limestone and toadstone

(6) invasion of the karst tunnel by ore-forming fluids that not
only deposited to a minor extent in open space but meta-
somatically attacked the limestone (but not the toadstone
blocks) by the introduction of very fine-grained fluorite
and sphalerite

(7) simultaneous bleaching and conversion to clay minerals of
the toadstone blocks, in which clay matrix galena was
deposited

(8) finally, the crystallization of brown sphalerite and calcite
in the remaining open space with probably additional galena.

This outline probably does not do justice to the complexity of the
mineralization, which almost certainly was introduced in more than one phase
with partial or complete duplication of the mineral paragenesis in each
successive phase.

Traill points out that certain beds definitely were more favorable to
karst attack and to the metasomatic emplacement of the ore and gangue
minerals. All of the favorable beds were massive, light-colored, more or
less coarse-grained limestones. The dark, thin-bedded, cherty, or shelly
and coralline limestones were appreciably less favorable but, in places
nevertheless, were rather well mineralized but in small and irregular bodies.

The principal primary minerals in the ores of Mill Close (Traill, 1939)
are galena, sphalerite, pyrite, calcite, fluorite, and barite. The galena
occurs as crystals or masses in calcite gangue or largely enclosed in toad-
stone-derived clay. The silver in the galena is only one to 1.5 ounces per
ton of galena, not worth recovering. The much less abundant sphalerite has,
however, a much wider distribution since it is found along joints far beyond
the areas where galena was economically worth mining. In the uppermost
mineralized limestone, sphalerite was the earliest ore mineral and was
followed by fluorspar, galena, barite, calcite, and pyrite. At greater
depths, at least a considerable portion of the sphalerite was later than the
galena. At these depths, the usual paragenetic order was calcite, galena,
more calcite, sphalerite, and still more calcite. Sphalerite was deposited
in at least two different stages, one older and one younger than the galena;
the earlier sphalerite was normally fine-grained and black and was a replace-
ment of fluorite-containing limestone. The later sphalerite was in honey-
colored to brown crystals. Both types of sphalerite contained minute specks
of chalcopyrite (?). The sphalerite was quite pure, averaging about 65 per
cent Zn; it also contained an average of one per cent Cd. Normally,
sphalerite and galena were not intermixed in the ore, only on the 129 level
did much such mixing occur. Pyrite, fluorite, and barite were much more
abundant on the higher levels of the mine than on the lower. Some of the
fluorite on the upper levels was covered with specks of marcasite.
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Calamine (smithsonite) was the commonest secondary mineral and usually
occurred as small crystals on calcite crystal faces. Cerussite was fairly
common throughout the mine, indicating the considerable depths to which
surface oxidation penetrated the ore. Greenockite was present as incrust-
ations on various minerals, the cadmium, of course, having been derived from
the sphalerite; greenockite did not show crystal faces. A few other rare
secondary minerals have been found. Traill (1939) believed that the ore-
forming fluids were hot-aqueous solutions forced up from great depths and
possibly were derived from later phases of igneous activity.

Wall-rock alteration in the southern part of the district is quite
widespread and consists of dolomitization and silicification. In the south,
areas of wide-spread dolomitization are known around ore. In the north,
dolomitization is minor and alteration is mainly progressive loss of original
and diagenetic textures and an increase in minor fractures as the veins are
approached. The more common the toadstone layers in a given area, the
greater is the amount of silicification; this is particularly true in lime-
stones close to basalt ash and lava. This relationship suggests to Ford
(1976) that the silica was leached from the toadstone. Further, aureoles of
trace- and ore-elements have been found irregularly distributed in the
vicinity of several rakes. Pb, Ba, and Zn fall off within 10 meters of the
major veins; the irregularity of distribution appears to be related to the
intensity of the minor fracturing. Some regional soil sampling for metals
and other trace elements has found areas of high background counts of Pb, Zn,
Cu, and F, indicating that valuable mineralization might be found under them
at shallow depths, particularly along the western margins of the limestone
outcrop area.

Ford defines the Peak ores as strata-bound in the sense that they are
confined to the Carboniferous limestones, but this is rather stretching the
definition of "strata-bound" beyond that normally used. The stratiform pipes
and flats (except the Ecton pipe) are truly such, but they are not syngenetic
mineralizations but definitely were introduced into karst structures, developed
by the early phase of the ore fluids, that are more or less parallel to the
bedding.

Several theories have been put forward to account for the genesis of the
ores, no one of which completely satisfies all ore geologists who have studied
the problem. These theories are: (1) residual fluids from a granite magma
at depth. No evidence of necessary granite beneath the Peak district has been
detected by geophysical means - the youngest are quite appreciably older than
the ores; (2) a buried granite as a channelway. A Silurian granite has been
detected beneath Mount Sorrel 50 kilometers south of the Peak district; it
is cut by a few mineralized veins. But this is a long way for ore fluids to
have travelled, and this idea can be dismissed; (3) interstratal brines
derived from evaporites. (a) Sub-Carboniferous evaporites: The high
salinity of the fluid inclusions in the North Derbyshire ores suggests to Ford
(1976) that the relatively thin evaporite beds beneath the Carboniferous 1ime-
stones (70 meters) may thicken to the east. He believes that these thicker
evaporites are in the proper position for compaction and diagenesis to have
resulted in an upward migration of minor elements in solution. He adds that
the patchy dolomitization of the lower Limestone beds in the two deep bore-
holes in the district suggests the presence of Mg-rich brines trapped beneath
the unaltered limestones and toadstones of these areas, but the veins in these
areas contain very little dolomite, probably effectively eliminating this
concept. Such dolomites as are known in the Matlock area (near the Mill
Close mine) probably were produced by downward-percolating brines of sub-
Zechstein age. From these thickened evaporites, it is possible to conceive
of heated, saline solutions having been produced under the North Sea and that
these might have migrated into the North Derbyshire lower Limestones. It
also is as easy, I think, to imagine that the ores are one of Merlin's
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miracles. (b) Post-Carboniferous evaporites. Ford also suggests that the
evaporites in Triassic rocks of the English Midlands might possibly have
been the source of mineralizing brines. He adds, however, that these
evaporites are shielded from the lower Carboniferous limestones by their en-
closure in thick impervious Keuper marl and by the Millstone Grit and Coal
Measure cyclothems that contain thick shales that lie between the evaporites
and the ores. Certainly this concept is invalid; (4) Local ground waters.
These waters are sulfate-rich, but Ford asks: what possible relationship can
such Recent waters have to mineral fluids in Permo-Triassic times? This
guestion is all that is necessary to destroy this concept; (5) Derivation
from host rocks. Nothing in the present condition of the host rocks suggests
that the huge amounts of ore elements in the North Derbyshire ores can have
been provided by local leaching; (6) Migration of deep formation water.

Ford would move waters driven out of the lower Carboniferous 1imestones
(apparently) under the North Sea in Triassic times when they were being com-
pacted by some six kilometers of cover. Granted the appropriate thermal
gradient between the rocks under the North Sea and North Derbyshire and
granted the ability of the waters of compaction to dissolve the elements
needed, if they were available, and transport them to the North Derbyshire
of Triassic times, perhaps this concept is possible. There are, however,
many unknowns, such as the actual bulk of the limestones below the North Sea,
the concentrations that must have been present in these 1imestones to pro-
vide the necessary ore elements, the possible aid provided to the process

by brines from the underlying evaporites, the assistance to migration that
might have been provided by wrench faults that may have extended beneath the
North Sea, and fractures that might have allowed some migration upward of
something valuable to the ore deposits to come from the sub-Carboniferous
basement. It seems almost impossible to believe in all these uncertainly
needed events having occurred during the same space of geologic time and
having joined together in sending a proper ore-forming fluid to the North
Derbyshire ore area. Surely such a conjunction of unrelated processes to
produce so huge an area of ore mineralization strains the credulity of any
ore geologist not desperate to explain a phenomenon that does not fit into
any preconceived mold.

Even granting that this lastly outlined process could bring ore elements
to the North Derbyshire of the Triassic, where did the sulfur come from?
Ford appeals to pyrite disseminated in the dark basinal limestones, to
sulfurous hydrocarbons, or to bacterial reduction of anhydrite sulfate at the
base of the lower Carboniferous 1imestone. Only the tooth-fairy remains to
be employed. Ford also considers the problem of where the spent ore fluids
went, but it seems that more needs to be certain about the ore fluids them-
selves before it is necessary to consider their spent residues.

If none of these suggestions of Ford's are valid, what can have been
the source from which the ore fluids came and how did they obtain the ore
elements they needed to contain? After the wild conjectures just summarized,
the return to the old idea of an igneous source at depth seems to be too
simple to be worthy of consideration. But, perhaps, that is all that is
left. Of course, neither of the two deep holes drilled in North Derbyshire
has found any granite of Permo-Triassic age under the area. But surely not
enough holes have been drilled or enough geophysical work done to guarantee
that no such igneous source exists.

At any event, the ore fluids were at a low temperature when they
deposited the ores in North Derbyshire, and the mineralogy is typical of
telethermal, Mississippi Valley-type ores the world over. Therefore, even
without a firm conclusion being possible as to where they came from or how
they were transported and deposited, it seems safe to classify them as
telethermal in the broad sense, and this is done here.
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Notes

The ore mineralization along the border between England and Wales on
the west edge of the English Midlands is divided into two areas: (1) the
Shelve-Habberley area which encloses a circle with a radius of about 10 kilo-
meters centered at Shelve village, 33 km southwest of Shrewsbury; most of
this area is in Shropshire, but a small portion of the southern part is in
Montgomeryshire; and (2) the Breidden Hills area that measures not more than
2.6 km?. These hills are about 18 kilometers west of Shrewsbury.

In the Shelve area, the mineralized veins are in pre-Cambrian and
Ordovician rocks; they are overlain unconformably in all directions but east
by Silurian and Carboniferous rocks that there contain no mineralization.

In the Breidden Hills, the ore bodies are in Ordovician rocks in the main
but some of the veins reach into the Silurian beds.

Lead was mined in the Shelve area by the Romans; pigs of lead stamped
with the seal of the Emperor Hadrian have been found, and the names of some
of the mines at least suggest a Roman heritage - Roman Gravels and East
Roman Gravels, but others - Sawpit vein and Second North vein - were worked
from the Roman mine inthose days.

Records of lead production were not really kept prior to 1845; zinc was
not recovered before 1858 and barite before 1860, Between 1845 and 1913,
lead ore totalled 235,650 tons, and the largest yearly production was nearly
8000 tons in 1875. Only about 19,000 tons of zinc ore were mined between
1858 and 1913, and barite was produced between 1860 and 1913 and nearly
1000 tons was the highest amount in one year (1882). Barite amounted to
about 271,500 tons between 1860 and 1913, and the maximum annual barite
production was nearly 14,000 tons in 1913. Except for the Huglith mine,
barite production began shortly after 1913; in that mine nearly 300,000 tons
were recovered between 1914 and 1940. This was the largest amount of ore
(of any type) produced from a West Shropshire mine. The district as a whole
nrobably produced about 500,000 tons of barite.
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The division of the Ordovician rocks into formations was first done by
Lapworth in 1880 and does not appear to have differed much from the strati-
graphy that Dines (1958) presents. These beds, as they are locally known,
are (from bottom to top): (1) Stiperstones quartzite, 77 meters thick,

(2) Mytton flags and shales, 460 meters thick (the main host to ore veins),
(3) Hope shales 245 meters thick (soft black shales), (4) Stapeley volcanic
group, 275 meters (andesitic lavas interbedded with ash falls, grits, and
shales, (5) Stapeley shales, thickness included with that of the Stapeley
volcanics, (6) lower Weston grit, 61 meters thick, (7) Weston shales, 31
meters (8) upper Weston grit, 61 meters, (9) Betton shales and flags, 61
meters, (10) Meadowtown shales, 245 meters (with flags and limestones), (11)
Rorrington shales, 122 meters (black mudstones), (12) Spy Wood grit, 53
meters, (13) Aldress shales, 215 meters, (14) Hagley volcanic group, thick-
ness included with Hagley shales (ash falls), (15) Hagley shales, 245 meters,
and (16) Whittery volcanic group, thickness included with Hagley shales

(ash falls), (17) Whittery shales, 275 meters (some grits included). The
thicknesses given here appear to be of approximate accuracy only.

The general strike of the beds is north-northeast. The ore area is cut
into two parts by the Stiperstones quartzite in both the topographic and
geologic senses. To the east of the Stiperstones are only Cambrian beds
(the Habberley or Shineton shales); beneath the Habberley formation are
(from top down) Precambrian Longmyndian Bridges group and Bayston group.

The Pontesford baryte lode is contained in even older Precambrian rocks.

The Ordovician beds west of the Stiperstones Ridge dip gently in that
direction until the synclinal axis (with a north-northeast trend) is reached
that runs through Ritton Castle, about 2.5 kilometers west of the Stiper-
stones Ridge. The next anticline is reached 1.6 kilometers west of the
synclinal axis; it has essentially the same trend and passes through the
town of Shelve. The flags and shales of the Mytton beds come to the surface
on the crest of this Shelve anticline and form an inlier in that area; the
Stiperstones do not outcrop on this ridge. West of the Shelve anticline,
the various beds dip more or less uniformly in that direction. The entire
ore area (except to the east) is surrounded by Carboniferous beds. The area
contains contemporaneous andesite and andesite tuffs, and, in the Silurian,
laccoliths, sills, and dikes, of diabase and dolerite were intruded into the
Ordovician formations.

The major faults in these Ordovician beds trend mainly northwest or
north-northeast and minor faults (that have little or no displacement) trend
east-northeast. The faults provided volumes of space into which both the
igneous rocks could be introduced and ore minerals deposited.

The earlier of the two groups into which the igneous rocks can be in-
cluded are contained in the north-northeast-trending fault fissures, and
these rocks probably were introduced in Silurian time. The later dikes are
in the fissures of northwest and east-northeast trend; these structures are
more regular than those that trend north-northeast, dip more steeply, and
are appreciably narrower. The fissures of these latter two trends (north-
west and east-northeast) carry the mineral veins. In some places, both
dikes and veins occupy the same fault structure. Where the vein material is
in contact with the igneous rock, the dike rocks are altered to sericite;
the friable white rock, so developed, is called locally White Rock or White-
stone. This relationship dates the dike rocks as older than the ores, but
how much older is uncertain. Dikes and ores may have come from molten or
fluid materials given off from the same magma chamber but were so given off
at successively different times.

The fault fissures in most places are not a single fault plane, but
they normally consist of a number of parallel fractures. The younger ones
(northwest or east-northeast trends) in general dip southwest or south.
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Locally, two faults may dip toward each other, in which case, the rock be-
tween them normally is shattered as is true in veins of the Roman and East
Roman Gravels mines. These veins converge with depth, and between these
veins are several smaller veins.

The faults are developed best in the harder formations such as the
Mytton beds and the ash rocks and flags of the Stapely volcanic group. On
the contrary, in the softer shaly rocks, the faults die out entirely or
become so indistinct as to be most difficult to trace. If faults are pre-
sent in these soft beds, they become filled with gouge and are, thereby,
essentially barred to the entry of ore-forming fluids and are barren of vein
material, or nearly so. Some faults may be traced for long distances, but,
in these, economic ore occurs in those portions of the faults that pass
between hard walls. As a major exception to the normal behavior of faults
in hard and soft rocks, the Stiperstones quartzite contains essentially no
ore mineralization even thcugh it is a quite hard rock. In the flaggy top
of the Stiperstones, some ore is known where bedding planes intersect
faults.

Most of the workable ore is located in northwest and east-northeast
faults where these structures, particularly the latter, intersect each other.
Because few of the ore bodies are faulted, Dines believes that the mineraliz-
ation took place after essentially all of the period of fault development
was passed. He also thinks that only one period of mineralization occurred
because, where ore has been brecciated by later (perhaps much later) fault
movements, the breccia fragments never have been known to have been re-
cemented by later primary minerals, sulfides or non-metallics.

Dines is convinced that the mineralization differs with the depth at
which it was formed beneath the surface. The major concentrations of zinc
are at the Towest levels in the veins in which they have been found, but
there is considerable overlap between the zinc zone and the lead one over
it. Although some barite and witherite are found above the lead ore,
appreciable amounts of these two barium minerals are intermixed with the
lead. In places a Tittle chalcopyrite may be associated with sphalerite and
galena, but most zinc-lead veins seem to be barren of the copper-iron sulfide.

One reason that the Mytton beds are so well mineralized is that they
are capped by the largely impermeable Hope shales that acted as a shield
against the upward movement of ore fluids. Where veins, which are strong
and well mineralized in the Mytton, enter the shales of the Hope formation
or even the shaly upper portion of the Mytton itself, they split into small,
poorly mineralized stringers or die out altogether. Although the shaly
portions of the Mytton are paleontologically correctly assigned to the
Mytton beds, from the way they behave toward the ore fluids they are more
reasonably considered the base of the Hope formation. The explanation for
the veins in formations well above the Mytton is simply that there are flaws
in the cover provided by the Hope beds, and some ore fluids are able to
escape upward into the favorable environment provided by the strongly
fractured Stapeley volcanics, the upper Weston grit, or the Hagley volcanics.
But the ores in these higher localities and, therefore, well west of the
Mytton beds, are mineralized with barite alone; only traces of galena and
sphalerite are to be found in them.

Dines believes, with reason, that the only hope of finding more ore in
the Shelve-Habberley district is in deep-level prospecting in the Mytton
beds, where, for example, they lie at depth in the Ritton Castle syncline
between the main outcrop of the Mytton and the Shelve inlier. To do this,
however, would require shaft sinking or diamond drilling to slightly over
300 meters to reach the Mytton and 450 meters more to penetrate it completely.
The central area between Ritton Castle (south) and Round Hill (north) is
considered the most 1ikely place for such prospecting.
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The principal vein of the Roman Gravels mine in the Shelve area is the
Roman vein that probably was the site of the main workings in Roman times.
This vein is a fault-fissure with a northwest trend that crosses the entire
width of the northeast-striking Mytton beds (that dip 25° to 40° northwest)
in the Shelve inlier. The northeast side of the Roman vein is downthrown,
and it dips toward the northeast. At its southern end, it bears gradually
more westwardly until, where it leaves the Mytton beds in the South Roman
Gravels mine, it dips vertically and strikes about N70°W. At the northwest
end of the vein, the dip is 20°NE. The fault fissure offsets a sill of mafic
igneous rock so that the north side of the sill has moved west relative to
the south side. About one-third of the vein (at its eastern end) has not
been explored.

The vein is filled by calcite with appreciable amounts of sphalerite,
galena, and fragments of country enclosed in the calcite. The Romans began
work on this vein as an open pit but eventually went underground to a depth
of about 30 to 35 meters. In addition to the Roman vein, four other veins
are associated with it to make up the Roman Gravels group; these four are:
Caunter (or First North), the Second North, the Sawpit, and the Spring.

The first two are northeast of the Roman vein and the other two southwest
of it; the four are roughly parallel to the Roman vein. The Second North
and the Sawpit also were worked by the Romans as open pits. The strikes of
the four veins range from east-west to west-northwest; three dip east of
northeast, and the fourth (the Spring vein) dips southwest.

The Snailbeach mine in the Ritton Castle area immediately east of the
Shelve area consists of a group of about 10 more or less parallel veins that,
in a few cases, actually cross or merge. They all cut through the outcrop
of Mytton beds and barely penetrate the Hope shales to the west and the
Stiperstones quartzite to the east; these veins are about two kilometers
southeast of Habberley. The strike of the veins of the group is roughly east-
west. The Mytton beds here strike west-northwest and consist of hard flags
or grits with which are interbedded soft shales. The ore shoots largely are
confined to the harder rocks and pitch to the west, following the dip of the
Mytton beds. The veins all appear to dip south, but at various angles and
normally range up to 2.5 meters in width but may reach a maximum of seven
meters. Where veins join, the width at the junctions may be as much as
12.5 meters. In the wide parts of the veins, crystalline and granular galena
occurs in small bunches in calcite; in the narrow parts, the ore minerals are
present as ribs, mostly near the hanging wall. The sphalerite is mainly in
compact brown and fibrous yellow varieties; sphalerite was essentially
always less abundant than galena. Barite was confined to the upper levels
of the mine and was practically free of sulfides. Witherite was present but
was not abundant. Different veins were worked at different levels for
different ores. Since 1845, Snailbeach produced 132,000 tons of lead ore,
nearly 4000 tons of zinc ore, and over 42,000 tons of barite. From 1845 to
1920 (when Snailbeach closed), the lead ore mined was 56 per cent of the
total output of West Shropshire and the zinc ore 23 per cent.

Directly to the east of the Stiperstones Ridge are the Cambrian
(Tremadoc) beds; these 1ie beneath a s1ight unconformity with the Stiper-
stones beds above them. The Cambrian belt is about 1.2 kilometers wide; to
the east these rocks abut against the Habberley fault, another north-north-
east-trending fault. East of this fault, the country rocks are Precambrian
(Longmyndian) red and green grits, conglomerates, sandy shales, and mud-
stones of various Precambrian formations. Some 10 kilometers northeast of
Shelve are even older Precambrian beds (Uriconian). The Habberley fault is
pre-Carboniferous; it does not cut such late Paleozoic rocks. The Habberley
fault also is later than the east-west faults in the Longmyndian beds, these
east-west faults are mineralized in some places with barite and traces of
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copper ore developed secondarily. The Cambrian rocks between the Stiper-
stones and the Habberley fault are mainly shales and include no ore veins.

The copper in the Longmyndian rocks may have been derived from primary
copper minerals and might suggest a richer copper ore lies at depth. To
reach its present position, this copper ore must have been uplifted to the
Tevel of the lead-zinc ores to the west by the upward movement of the east
side of the Habberley fault.

East of the Stiperstones, no mineable veins of the lead-zinc ores ever
have been found, but barite has been mined in important amounts. The barite
in this area may simply have been moved laterally from the mineralized area
west of the Stiperstones, but this seems less likely than that it is the top
of a separate zone of mineralization that should be explored.

Although the area east of the Stiperstones and south of the latitude of
Shelve contains no mineable ore, the same belt of rocks north of the Shelve
latitude as far north as Pontesford Hill, some 11 kilometers, and east of
the Habberley fault contains several moderately important mines and one
major mine. The most important mines are in the portion of the belt that
extends from Habberley south for some three kilometers. Five of the mines
are in the youngest Precambrian Oakswood group (including the Huglith) and
two are in the next older Bridges group. Although it is difficult to speak
of the width of a belt that contains only seven mines, a good average is
about 2.5 kilometers. On the other (west) side of the Habberley fault, the
Cambrian formation is the Habberley or Shineton shale. The shale dips west
beneath the Stiperstones quartzite and strikes north-northeast. These rocks
are quite shaly and, therefore, are poor hosts to fault-filling ore bodies.

The Precambrian beds strike more or less north-south and dip to the
east. The Oakswood and Bridges groups already have been mentioned. Under
the Bridges is the Baystown group, into which the more or less east-west
striking veins of the Cothercott mine appear to extend. Otherwise, the
Baystown seems to be barren of ore or, at least, any ore that was of any
economic importance.

These Precambrian formations consist of red and purple grits, sand-
stones, sandy mudstones, and shales. They are cut by several major faults
that strike a few degrees on either side of east-west; they displace the
rocks westward on their south sides. Both the major faults and some of the
minor ones are mineralized, with the main ore mineral being barite. Dines
believes (1958), as seems quite probable, that these ores, which contain
small amounts of secondary copper minerals, may have had chalcopyrite as the
primary copper mineral. Why Dines says that the barite in these deposits
must have been contemporary with the barite to the west of the Habberley
fault is not clear; perhaps it is because both types of deposits contain
barite. At any event, no lead and zinc are associated with the ores in Pre-
cambrian rocks (as is true of ore in Ordovician rocks) but the strikes of
the mineralized faults in the area east of the Habberley fault are at almost
the same angles as those west of that fault. But does this prove that both
types of ore came from the same source at much the same time? I think not.

The country rocks of the Huglith mine in the Habberley area are coarse
grits of the Longmyndian Oakswoods group; they strike about north-south, dip
steeply to the east and are cut by numerous fissures and faults. The veins
or vein groups strike about east-west. The Westcott group on the south
consisted, when being worked, of some five barite veins that trend between
E12°S and S20°E; they dip generally to the north. The barite died out at
shallow depths.

The next vein, going north, is the Huglith Main vein that trends a bit
north of east and displaces the outcrops of country rock about 300 meters to
the west on the south side of the fracture; it dips 22°S. The ore shoots on
this vein have been as much as 750 meters in length. The vein is cut off to
the east by passing into brecciated country rock mixed with clayey material;
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in this mixture the walls become lost and the vein filling degenerates into
irregular stringers of barite. To the west, the vein is cut off below a
fault, probably the Habberley, and by a boulder clay in which it dies out.

The third and fourth veins are the Riddleswood and Mud (from south to
north). The Riddlesworth dips 15°N and the Mud 12°S. The ore shoots on
these veins are much less extensive than on the other two. The barite died
out in the bottoms of the known ore shoots; the ore shoots tend to pitch to
the west; the Main vein continues beyond the bottom of the barite as a
breccia of country rock cemented by quartz, the Riddlesworth as a calcite
vein,

Only the Westcott mine in the Habberley area is said to have produced
some copper ore (in 1880), and the total output of the area can almost
certainly never have amounted to much., The Huglith mine produced, as has
been mentioned, nearly 300,000 tons of barite; the Cothercott, Gatten, and
Wrenthall were responsible for from 20,000 to 10,000 tons of barite ore each.

The Breidden-Hills area is about 18 kilometers west from Shrewsbury.
These hills are made up of an outcrop of Ordovician rocks about seven kilo-
meters long from northeast to southwest and 2.4 kilometers wide. It is
bounded on the north and west by alluvium of the Severn River and on the
east and south by Silurian and Carboniferous beds. The Ordovician rocks were
intruded by a dolerite laccolith that makes up the main Breidden Hill and
were folded into a northeast-trending anticline. The conglomerates and tuffs
on the southeastern flank of the anticline have been eroded into a series of
hills. Both the Ordovician and Silurian rocks of the Bredden Hills have been
cut by several northwest- and north-trending faults; only one mine, however,
was ever developed in the Breidden Hills (the Bulthy) it is located on the
county boundary. The rocks of Ordovician age are not well correlated with
those of the Shelve-Habberley area, but they definitely appear to belong to
the upper Ordovician; the Silurian and Carboniferous rocks are undifferenti-
ated in the mapping of the hills. A north-south fault in Silurian shales,
about 2.0 kilometers from the center of the Breidden Hill, contains mineable
barite. About the center of the mineralized stretch on this fault, a
branching fissure that strikes northwest and offsets the Silurian-Ordovician
contact joins (or comes near to joining) the north-south fault; the latter
fault does not offset the contact. The northwest fault also contains a
mineable barite. Another small fault of northwest trend cuts the north-
south fault farther north near the contact between conglomerate (south) and
shale (north). Its mineralization has been traced for only about 100 meters.
Except where stained brown by surface weathering, the barite is white; it
contains a 1ittle galena and considerable calcite. From 1879 (when the mine
was begun) to 1918 (when the mine was closed) it produced about 8500 tons of
barite and one ton of lead concentrates.

The igneous rocks in the Shelve-Habberley area were introduced in two
stages, both of which probably are of Silurian age. Both also were intro-
duced before the mineralization. E11is says (1978) that the ores are post
the Caledonian revolution; how long after the end of the igneous activity
the mineralization was introduced is geologically uncertain, but it appears
from work by Ineson and Mitchell (1975) that K/Ar ages for the altered wall
rock from the veins gives an age of about 355 million years. Thus, the
ores probably should be classified here as Middle Paleozoic.

Some primary zoning of the ores appears to have taken place, sphalerite
is the principal mineral in the deeper mines; as the veins are followed
upward, lead-zinc ores become dominant, and still higher barite and calcite
are the main, and almost sole, minerals. In ore veins near the surface, the
lateral distribution of barite-calcite ore is much wider than that of the
lead-zinc ores into which the barite-calcite grades downward and inward.

The veins appear normally to be undisturbed by important later faulting nor
do the veins seem to have been altered secondarily, except in the barite-
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calcite-secondary copper ores in Precambrian rocks. Remobilization has not
been appealed to by Dines (or anyone else of whom I know) to account for any
of the mineral relationships that have been observed in the ores.

As has been suggested earlier in these notes, 1 think there is consider-
able question as to the relationship of the barite-calcite-minor secondary
copper ores to the lead-zinc ores west of the Habberley fault. [ suspect
that, if enough ever is known about the district, it will be found that the
barite-calcite-minor secondary copper ores actually were formed at much
greater depths and were brought much nearer the surface by upward movement
on the east side of the Habberley fault than they were when they were
emplaced.

The lead-zinc ores, from which most of the production of the district
has come, probably contained only small amounts of silver, normally not
worth recovering or reporting. For some reason or reasons, now unknown,
records were kept of the silver in lead only in 1882 and 1883. The results
of these assays were reported in ounces per ton of lead; whether this really
meant per tons of lead or of lead concentrates is uncertain. Because of the
large proportion of lead in lead sulfide (86.6% Pb), it does not greatly
matter which was meant. Certainly the barite mines did not produce silver,
and the lead-zinc mines for which no silver production is listed either did
not operate in 1882-1883 or did not have their lead assayed for silver or
the lead contained none that could be detected. The reported amounts of
silver in the ores ranged from 2.23 ounces per ton of "lead" to 0.5 ounces
per ton, almost certainly not enough to qualify the ores for a class higher
than telethermal. Nor are any sulfosalt minerals reported that suggest that
leptothermal conditions may have obtained in the district. Under what
temperature-pressure range the deep sphalerite ore may have been deposited
is not known. Microscopic examination of polished sections from such
sphalerite might give clues through the presence or absence of exsolution
blebs of chalcopyrite or other minerals.

On the basis of this rather limited evidence, which does not appear to
include any work on fluid inclusions, it seems best to categorize the West
Shropshire deposits as Telethermal.

Official records of production were not kept in the district until the
middle of the nineteenth century, so it is difficult to say which were the
most productive mines over the centuries from Roman times to the end of
mining activity in 1945 (at the Huglith mine). It appears, however, that
the Targest amounts of lead were recovered from the Roman Gravels and Snail-
beach mines and of barite from the Huglith. Although only 50,000 tons of
lead ore is recorded for the Roman Gravels mine, this probably was only a
small fraction of the total; perhaps the total was somewhere between 250,000
and 500,000 tons of lead concentrates. The lead concentrates mined from
Snailbeach between 1945 and 1913 were about 132,000 tons; this was 56 per
cent of the lead concentrates produced in Shropshire in that period. Between
1958 and 1912, Snailbeach also recovered 4400 tons of zinc (concentrates?),
about 23 per cent of the total from Shropshire. Since a pig of Roman lead
was found in the mine, it probably operated spasmodically from that time to
1913, so the total production of lead, at least, must have been far greater
that 132,000, and it possibly may have been great enough to have equalled
or surpassed Roman Gravels. If the 1882-1883 figures mean anything, the ore
at Roman Gravels (2.23 ounces of silver per ton) was nearly five times as
rich as that from Snailbeach (0.50 ounces of silver per ton).

As for barite, the most productive mine was Huglith with about 300,000
tons of run-of-the-mine barite ore for the entire period of operation (1910
to 1945).
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Notes

The lead-zinc deposits of the Mendip Hills, worked since the Romans
ruled in Britain, are located in the County of Somerset in southwestern
England (Ford, 1976). This range of hills is about 40 kilometers long and
eight kilometers wide and trends generally west-northwest-east-southeast.
The highest elevations reached in the district are some 300 meters; the tops
of the hills are quite flat; the slopes dip steeply away from the ridge line
and locally are dissected by narrow gorges such as the famousone at Cheddar.
The towns of Wells (51°31'N, 2°39'W) and Cheddar (51°17'N, 2°46 W) lie along
the southwest margin of the belt of hills. To the east, the Mendips merge
with the south end of the Jurassic-limestone Cotswold Hills.

Although lead was mined from the days of the Romans, the zinc content
was valueless to them as they did not even know of that metal. During the
latter part of the 19th century and up to 1908, Roman slags were reprocessed
for lead.

In the period of modern mining, both lead and zinc (mainly as smithson-
ite-calamine) were obtained from the ores. Barite and fluorite are so
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sparsely distributed that they never were mined for themselves but appear to
have been recovered in places as byproducts of lead-zinc mining. At present,
mining for the metals has ceased but much limestone is quarried in the
district.

The dominant rock of the Mendips is limestone, that, at its maximum, has
a thickness of 1050 to 11,150 meters, though normally the thickness in any
one location is muchless than the larger figure. In the folded rocks of the
hills, the Devonian 01d Red sandstone (the Portishead beds) forms the cores
of the Carboniferous limestone anticlines and usually constitutes high
ground. The Devonian beds are some 450 meters thick as a maximum and are
fluvial-fan facies of the 01d Red; they include conglomerates, sandstones,
and thin marl beds. The lowermost beds of the (lower) Carboniferous 1lime-
stones are a basal lower Limestone shale, which is a shale with thin 1ime-
stone beds intercalated in it; it is about 150 meters thick as a maximum.

Above the Limestone shale is 900 to 1000 meters of massive limestone
that is divided into five beds; these are, from bottom to top: (1) the
Black Rock limestone, a fine-grained crinoidal rock 225 to 300 meters thick;
(2) the Vallis limestone, a massive crinoidal limestone zero to 90 meters
thick: (3) the Burlington oolite that passes laterally in part into the
Vallis - the Burlington is 45 to 225 meters thick; (4) the Clifdon Down 1ime-
stone that is light and dark gray calcite mudstones - it is 160 meters thick;
(5) the Hotwells limestone that is a massive gray crinoidal limestone with
thin shales and quartzites at the top. Above the Carboniferous limestone
are the Millstone grit (below) and the Coal Measures (above). After depo-
sition and lithification of the Carboniferous beds, the rocks were uplifted
and folded and eroded until, by late Triassic time, their geomorphic forms
approximated those they exhibit today. By the late-Triassic, the area was
an archipelago of limestone islands that stood above the Triassic lowlands
and sabkhas. Erosion on these islands developed a series of ravines and
channels in the upper Triassic rocks, that became filled with a dolomitic
conglomerate; this formation is known as the Dolomitic conglomerate; it is
from zero to 110 meters thick and is made up of small to large boulders of
Carboniferous limestone. In places, these boulders have been converted to
hematite or dolomite, and all are cemented by a matrix of sand, gravel, or
marl. Away from the Mendip Hills, these fans of conglomerate grade out into
sandy or marly beds that merge into the upper Triassic Keuper marl. This
relationship effectively dates the formation of the Dolomitic conglomerate as
upper Triassic. Ford emphasizes the point that these beds, beneath the
Somerset levels to the south, contain halite and gypsum deposits (that he
later uses in his concept of the manner in which the Mendip Hills deposits
were formed).

The Dolomitic conglomerate reached sufficient depth that it buried the
Paleozoic rocks of the central Mendips; to the east; however, lower Jurassic
(Liassic) beds overlap the conglomerate. These Liassic beds are normally
clay but have marginal littoral limestone facies. Still farther east, middle
Jurassic beds of shelly oolites overlap the older rocks; both Jurassic rock
types are beyond the eastern boundary of the area that has been mineralized.
The Triassic and Jurassic beds have been folded very slightly, but enough so
that their contacts with the strongly folded Paleozoic beds present a most
impressive unconformity. Groundwater-produced karstic features under this
unconformity are either late Triassic or early Jurassic and contain sedi-
ment, and, locally, such cave sediments are mineralized.

The rocks that make up the Mendip Hills were folded into a series of
anticlines (periclines) and synclines, the axes of which run about east-west
and which are shifted to the east as the ore area is crossed from north to
south, thereby producing anenechelon pattern. The three major periclines
are (from northwest to southeast) the Blackdown, the North Hill, and the Pen
Hi11. The folding was completed before the earliest Mesozoic (Keuper) rocks
were laid down, and, by that time, the relief in the area was much greater
than now.
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Green (1958) suggests that the structure of the Mendip Hills be con-
sidered by taking up the periclines in the order in which they best display
the controls that govern the mineralization. The first of these is the
North Hill pericline, the axis of which trends from east to west and which
lies in the south-central part of the mineralized belt. The northern side of
the pericline dips steeply north or is even overturned; the dips on the south
side are much more gentle and are in a southerly direction. To the west, the
structure pitches quite gently but, to the east, the pitch is appreciably
steeper. This pericline is cut by two more or less north-south normal faults,
the Stock Hill to the west that trends northwest-southeast and the Biddle
that (in the North Hill area) is about north-south. In the southern portion,
the Biddle fault cuts pre-Triassic rocks, whereas, farther north, it dis-
places rocks as young as Liassic. Green believes that the southern part of
the fault is pre-Triassic and the northern at least post-Liassic. Actually,
the situation may be that there are post-Carboniferous rocks in the southern
part of the North Hill pericline and that these have been covered by spoil
from the old mine workings or they too would show that they had been dis-
placed by the southern portion of the Biddle fault. Thrust belts cut across
the Castle of Comfort area (north of North Hil1), and others are located
farther south between the North Hill and Pen Hill periclines.

The central part of the North Hill pericline was deeply eroded during
post-Carboniferous time, and the basin so created (in the center of which
01d Red sandstone was exposed) was filled with a major thickness of Dolomitic
conglomerate. This conglomerate was then overlain by Mesozoic sediments that
range in age from Keuper Marl to lower Lias. These Mesozoic strata have been
folded into gently elongated domes and basins, the long axes of which gener-
ally trend east-southeast.

Major breaks in the lower Limestone shale were provided by the Stock
Hi11 fault, the eroded core of the pericline, and the southern part of the
Biddle fault. The scale of mineralization in the rocks of the North Hill
area, does not appear to have been influenced by the dip of the beds, except
that, where they stand nearly vertically, the bedding planes may have served
as channelways for ore-forming fluids.

To the east of the Stock Hi1l fault, the 01d Red sandstone has been
displaced to the southeast and now stands as Stock Hill that contains a core
of 01d Red sandstone. North of Stock Hill, the area known as Chewton (Rabbit)
Warren, contains numerous northwest-striking veins that contain much of the
mineralization of the North Hill pericline. Another large area of 01d Red
sandstone, known as Eaker Hill, straddles the Biddle fault. A large area of
Dolomitic conglomerate lies to the west of the fault and west of the northern
part of the Eaker Hill 01d Red; this area of conglomerate does not appear to
have been appreciably mineralized, probably because it lacks the northwest-
trending fractures of Chewton Warren. Another area of ore-filled fractures
in the Dolomitic conglomerate is located east of the Biddle fault in the
angle between the Biddle fault and the east-west striking Emborough thrust;
these fractures appear to be continuations of those of Chewton Warren.

Both Green and Ford consider that the entire area of the North Hill
pericline (and of the Central Mendips in general) eventually was covered by
the fine-grained early to middle Mesozoic argillaceous rocks (Keuper,

Rhaetic clay, lower Liassic limestone and clay). Although the hills (North,
Stock, and Eaker) probably all initially stood as islands above the level of
the Mesozoic sediments, eventually they were drowned by the sediments of that
era. Apparently, the low domes and shallow basins developed in the Mesozoic
rocks were related to loci of ore deposition in that most of the ore lies
under such domes and most areas under basins are ore-free. Thus, not only
did the Mesozoic rocks act as a cover that trapped the ore-forming fluids,
but these fluids were guided up into the late domal structures developed in
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the Mesozoic rocks and overprinted on the pre-Mesozoic ones. Thus, the ore-
forming fluids took the paths of least resistance which lead them into the
Paleozoic and Triassic rocks beneath the domes where they then deposited
their mineral load. It appears probable to Green and Ford that the ore
mineralization took place only after the end of the mid-Mesozoic folding and
certainly after the deposition of the Liassic rocks. Of course, it is
possible that the lack of ore in the post-Dolomitic conglomerate rocks indi-
cates that these were not present until after mineralization was completed,
but the direct locational connection between the mid-Mesozoic structures and
the major ore concentrations argues against this.

For the purposes of structural discussion, Green divides the Blackdown
pericline into two sections, the easterly between the Blackdown and Lamb
Leer (and the Lamb Leer fault) and the westerly between Blackdown and Ship-
ham. In the nose of the pericline pointing east toward Lamb Leer, 01d Red
sandstone is exposed; the structure is a simple fold pitching east at 13° to
14°. Following this anticlinal structure back (west) from the nose, the
crest, so narrow to the east, broadens out and becomes a much wider, gently
folded structure that has a general east-southeast pitch of 7° to 10°. The
flanks of the pericline dip quite steeply away from the crest (at angles of
25° or more) as pitching monoclinal folds. Three km east of the 01d Red
sandstone outcrop, the monocline on the north dies out and is replaced, about
500 meters to the south, by a similar fold, near the crest of which is
located the east-west Lamb Leer fault. The flanks of the central area of the
Blackdown pericline plunge beneath the cover of Mesozoic rocks to the east
and southeast with dips of up to 30°. The subsidiary folds on the Blackdown
crest, which strike southwest at Charterhouse, become essentially east-west
near Lamb Leer. The Lamb Leer appears to be a normal fault in which the
downthrown side is to the south. A fault that runs southwest from the vicin-
ity of Charterhouse appears to be a continuation of the Stock Hill fault.
Both the Lamb Leer and Stock Hill faults seem to have been first formed
before the Triassic but later movement may have occurred on both of them.

The faults probably exerted control over the location of the ores, as
the areas of mineralized ground are never far from these structures. The
erosion surface of the area of mining is remarkably flat and is at an
elevation of about 250 to 275 meters and cuts across all of the Carboniferous
strata and the Dolomitic conglomerate as well.

From Blackdown to Shipham, the pericline is overturned on the north but
has appreciably less steep dips on its south flank. No major faults cut
through the rocks. Along the anticlinal axis, its core of 01d Red sandstone
is exposed; this core has been subjected to major erosion and was later
filled in by Dolomitic conglomerate. Around Shipham, the Dolomitic conglom-
erate has been considerably fractured with the fissures striking west-north-
west to east-southeast and being closely spaced. Some mineralization also
was located in the nearly vertical Carboniferous beds along the north flank
of this portion of the Blackdown pericline with most mineralization being in
the Burrington oolite. The strike of these veins is, of course, essentially
east-west. As no major faults are associated with the fissures, Green
believes that the ore fluids must have risen up through the appreciably
porous 01d Red sandstone. Because of the major amount of erosion from the
anticlinal core, the total thickness of the ore zone never will be known, but
the dips of the Mesozoic rocks surrounding the pericline suggest that they
were appreciably domed over the missing Dolomitic conglomerate.

The Pen Hill pericline rocks are compressed into isoclinal folds that
are overturned on the northern flank; this 1imb is bounded by thrust faults.
The generally east-west structures are cut by both the Biddle and Stock Hill
cross faults. Mineralization has been Tocated along the trace of the Biddle
fault., Additional mineralization is contained in the rocks of a rather
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corrugated area on the northwest edge of the pericline. In this area, the
veins are lined up with the plunge of the folds. In other places on the
pericline, the veins follow the strike of the Carboniferous rocks or are
nearly parallel to the north-south cross faults. Although the area may have
been blanketed by Mesozoic formations, the evidence for this is so sparse as
to prevent any great confidence being placed in this conjecture.

Ford considers that the main time of folding was after the Carboniferous
but before the Triassic. After the folding, the relief in the Mendips area
was considerable, but, as has been described above, the relief was worn down
and the ravines and channels filled with Dolomitic conglomerate and the
entire area covered by a thin veneer of Keuper and Jurassic beds. Ford con-
siders that the area must have had at least a sparse cover of Cretaceous
chalk. Except for a few small remnants of these later Mesozoic formations,
uplift and erosion have removed all of the unfolded post-Triassic rocks.

The lack of Tertiary rocks and a lack of interest in the history of that
epoch means that little is known of the geologic events in the Mendip region
in Tertiary time. Tertiary groundwater activity probably produced the
oxidized zinc (calamine mainly) and lead (cerussite mainly though in much
less amount than the calamine) ores in the karst features. These karsts were
developed in the late Triassic to early Jurassic and probably had their pri-
mary mineralization introduced at the same time as the emplacement of the
lead-zinc ores not in karst features. Although other suggestions have been
made, it appears probable that the primary ore was emplaced all at one time.
Since the lower Liassic rocks contain some ore, it appears most likely that
the age of the primary mineralization was middle Jurassic and, therefore, is
here classified as middle Mesozoic. The oxidation of these karst ores and
the development of gossans probably took place in late Tertiary time and
these features are so categorized here.

The deposits that have been of economic interest are almost entirely
concentrated in the central portion of the Mendip Hills. The ore veins are
on the flanks of the anticlines, Pen Hill, North Hi1l and Blackdown and on
the unnamed structure (possibly Stock Hill) between the later two structures.
Although no plans of the mines or records of production have survived, Green
(1958) calculated the lengths of veins in the various formations. These are:

Dolomitic conglomerate 42,000 m

Carboniferous 1imestone 71,300 m
Burrington oolite 33,100 m
Black Rock limestone 25,100 m
Clifton Down limestone 12,400 m
Hotwells limestone 700 m

Totals 113,300 m 71,300 m
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Almost two-thirds (64%) of the ore is in the Dolomitic conglomerate and the
Burrington oolite, with 37 per cent being in the Dolomitic conglomerate.
The amount of mineralization rises progressively from the Black Rock lime-
stone (22%) to the Dolomitic conglomerate. Thus, the formations almost
certainly were not uniformly favorable loci for ore deposition.

On the North Hill pericline, the ore mineralization is concentrated on
either side of a patch of Triassic rocks between the two cross faults {(Biddle
and Stock Hi11). The veins in this area range in dip from subparallel to
the steep north dip of the rocks or to the bedding, strongly suggesting an
impressive structural control of ore localization. Some of these veins can
be traced into the overlying Dolomitic conglomerate. In fact, in the Chewton
Warren area, the strongest veins of the Mendip area follow west-northwest-
east-southeast fractures in this conglomerate. Farther south, where the
Dolomitic conglomerate unconformably overlies the Biddle fault, the former
is heavily mineralized. In the North Hill pericline, therefore, the loci of
ore deposition have been controlled by faulting; these faults have permitted
the ore fluids to reach all the favorable beds in the Carboniferous strati-
graphic section and to continue up into the Dolomitic conglomerate. In cer-
tain places, the Triassic Keuper marl and the Liassic clays have acted as a
barrier to further upward movement of the ore fluids. No ore mineralization
is present in the thrust faults, although Ford thinks that they locally may
have acted as channelways for the ore-forming solutions.

The veins in the Blackdown pericline are concentrated in the Burrington
oolite on the northern slope of that structure around the nose of that fold,
in the Cl1ifton Down limestone and in the Blackrock limestone near Charter-
house south of the eastern end of the pericline. The veins are located near
to the northern end of the Stock Hill cross fault or in badly broken rocks
near another cross fault (the Lamb Leer) that lies to the east of the Stock
Hi11. Near the Lamb Leer (three km east-southeast of Charterhouse) the
trend of the fractures is east-west, but farther west they change to a north-
west-southeast strike. In the vicinity of Charterhouse, the veins have two
predominate directions, northwest-southeast and west-northwest-east-southeast;
these veins are locally subparallel to highly mineralized faults. Some of
these veins, particularly in the northeast part of the mineralized area,
extend upward, without change, into the Dolomitic conglomerate. In places,
the vein fillings have been highly oxidized and include calamine, manganese
wad, and some secondary lead minerals. In the area of Shipham (5,5 km
west-northwest of Charterhouse), in the core of the Blackdown pericline, the
Dolomitic conglomerate was strongly mineralized; on the north side of the
Blackdown structure, in the Burrington oolite that there stands almost verti-
cal, numerous veins also are present. The veins extend east-west, parallel
to the bedding in the limestone, but also occur in joints in the conglomerate.
Ford reports that faults are essentially not exposed in the Dolomitic con-
glomerate beneath which, however, such may be concealed.

The Pen Hill area is isoclinally folded and this is overturned toward
the north; it contains several thrust faults and is cut by both the Stock
Hi1l and Biddle faults. Along the trace of the Biddle fault are numerous
veins; these were highly mineralized and are either parallel to the bedding
of the Black Rock limestone or are subparallel to these major faults. The
potentially ore-bearing Dolomitic conglomerate has been eroded from the hill,
but Ford reports the presence of some traces of the lower Lias clay.

The principal sulfide, now present on dumps or previously present in
the ore, was galena; only minor sphalerite was to be found in the veins but
much calamine was mined; it was derived, of course, from the once-abundant
sphalerite. The principal gangue minerals are calcite and barite, with only
minor traces of fluorite. Barite and calcite may be interbanded, and barite
is most common in the center of the ore-bearing area. A considerable portion
of the galena has been oxidized to such minerals as cerussite and the much
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rarer mendipite (2PbOPbCl,) and hydrocerussite [2PbCosPb(OH},]. Chloroxi-
phite [2PbOPb(0H),CuCl,] and diabolite [2Pb(OH),CuCl,] are very rare and are
associated with mendipite. Crednerite (CuOMn,03) also is rare as are mimetite
[(PbsAs0,)3C1)], wulfenite (PbMo0,}, and pyromorphite [Pbs(P0,)3C1]. Rhodo-
crosite and tetrahedrite are known. More usual minerals to be associated
with telethermal deposits also are present but need not be mentioned indi-
vidually. The secondary lead minerals generally are in cavities in porous
masses of iron oxide, probably correctly called gossans; these gossans may
contain quartz crystals as cavity linings. Galena is not present in the iron
oxides. Iron and manganese oxides are, in places, intermixed to form wad.

The only fluid-inclusion study on a Mendip mineral (so far as Ford
knows) was made on fluorite at a site outside the main ore area; it homogen-
ized at 84.8°C. Green (1958) suggested that the ore area is vaguely con-
centrically zoned, with its center at Chewton Warren (that is due east of
North Hill and north of Stock Hill), an area where barite is more common than
anywhere else in the district. A few determinations of lead-isotope ratios
have been made, and about all they prove is that the isotopic ratios from
galenas in several formations are much the same.

Essential agreement now appears to exist that the ores of the Mendip
Hills were emplaced at one time and are epigenetic to the rocks that contain
them. They are typical Mississippi Valley-type ores so far as work done to
now can suggest. The majority of geologists who have studied the ores agree
that the ore-forming solutions rose from depth to invade the carbonate rocks
of the Central Mendip Hills. Ford (1976), however, points out that no
significant mineralization has been found in the 01d Red sandstone or in the
Silurian rocks beneath it and that the lower Limestone shales provide at
least a partial barrier to the upward movement of ore fluids. Further, such
geophysical studies as have been done in the area do not indicate any base-
ment rock, granites or otherwise, that could have been a source of ore fluids
in the Mid-Mesozoic. Certainly it is clear that, in Cornwall and Devon to
the southwest, large quantities of ore fluids of hydrothermal character in-
vaded large volumes of Paleozoic rocks (mainly of igneous but also of sedi-
mentary origin) to deposit tin and associated ores. But about 100 million
years must have elapsed between the deposition of the Cornish ores and those
of the Mendip Hills. Dunham has suggested (1952) that pools of hydrothermal
fluids may have been trapped at depth beneath the Mendip-Hills area and only
escaped in the Mid-Mesozoic. This explanation seems rather farfetched and
has been discarded by Ford. Ford himself suggests a radically different
hypothesis.

Ford (1976) suggests that the formation of the ores of the Central
Mendip Hills be explained by what he calls a "mechanism of basin margin
migration and precipitation". He explains this as follows. The Carbonifer-
ous limestones of Mendips were deposited in a shallow sea, the coast line of
which sea was some 50 to 60 kilometers to the north. He interprets the
pattern of isopachs and facies changes to suggest deeper water basins to the
east, south, and west during the lower Carboniferous. Ford believes that the
Carboniferous limestones were buried by the thick sediments of the Upper
Carboniferous, Permo-Triassic, and lower Jurassic to depths of two kilometers
or more. He points out that the main Carboniferous geosyncline lay to the
south of the present location of the Mendips. Concealed thrust faulting has
forced the sedimentary rocks developed in this geosyncline closer to the
Mendips by at least 15 kilometers, and the complex folding undergone by these
rocks has reduced their length by a least 20 per cent. Ford conceives that
compaction and compression in these thrusted and shortened beds forced out
formation waters toward the basin margins to the north, the moving waters
making use of the network of faults that had been produced during the tec-
tonic activity of the late Carboniferous. Ford conceives of this migration
of these waters toward the basin margin as taking place in early Jurassic
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times, long after the fracturing had taken place. Precipitation from these
formation waters occurred in the "structural culminations" of the Mendip
folds where they were covered by the Triassic Dolomitic conglomerate, all of
these rocks being then capped by late Triassic and early Jurassic clays.
Ford believes that some contribution to the formation waters (and ultimately
to the ores) may have come from beneath the Somerset coal field to the north
of the Mendips, but he does not consider this contribution important to the
ore volume. Ford sees no reason, although little work has been done on the
problem, to assume that the ore-forming fluids of the Mendip ores were
different in any major respect from those that obtained in typical
Mississippi Valley-type ore fluids. Ford's hypothesis has the advantage that
it derives the ore-forming fluid from a process that is known to have taken
place - compaction of the basin sediments, but he tells nothing about how
the chemistry of the process worked. The lead and zinc, fluorine and barium
ions, and sulfur in some form or other may have been available in the form-
ations being compacted, but how the ore fluids dissolved the various com-
ponents found in the Mendip ore, how they concentrated them sufficiently to
reprecipitate them, and how the sulfide ions were formed, all are matters
about which Ford says nothing. He does refer to a paper by Wolf in a Volume
edited by Chillingarian and Wolf, but it does not answer the problem in
detail sufficient to fit the concept to the production of the ores of the
Mendips.

What does appear to be certain, however, is that the ore fluids rose
from some depths beneath the surface, probably coming from the south, carry-
ing the constituents of the Mendip ores, and depositing them in favorable
loci in the carbonate rocks of late Paleozoic and early Mesozoic age. These
events appear to have taken place under conditions of low temperature and
confining pressure from solutions that cannot have been highly acid or they
would have attacked the carbonate formations violently (which they did not).
This indicates that is would not be unreasonable to categorize the ore-
forming process as telethermal (in the broad sense). The secondary oxidation
of the ores almost certainly was due to the action of groundwater.
Apparently, iron sulfides, pyrite and marcasite, are almost unknown in the
district. What iron was present in the primary ore well may have been there
as one or both of the iron sulfides, but surface oxidation in late Tertiary
time probably resulted not only in oxidation of the iron sulfides but also in
the transportation of much of the iron into karst cavities where it accumu-
lated in considerable amounts. The iron-oxide-bearing materials in the
caverns cover a cavity lining of quartz, calcite, and barite. It would seem
from the relationship that the iron-oxide material probably was the last
material to deposit, but this does not mean that the parent iron sulfides
were among the last materials to deposit, rather they may have been precipi-
tated at much the same time as the ore sulfides but were much more readily
affected by the ground water that reached the cavities at any appreciable
time after the sulfides and the crystalline gangue minerals had been emplaced.
Where the manganese associated with the iron oxides came from is uncertain;
no traces of primary manganese minerals have been found nor is manganese
normally an appreciable constitute of iron sulfides. The source of the
manganese, therefore, can be added to the source of the ore-forming fluids as
the two major mysteries of the Mendip ores.

RAB-E*
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Notes

The Lake district is made up of some 2000 km? in northwestern England
and lies mainly in the counties of Cumberland and Westmoreland. The Lake
district has three separate areas of economically valuable mineralization,
in all of which mining has now ceased. The last ore mined came from the
Greenside mine located at the head of Ullswater; production ended there in
1967. The only proved reserves of ore in the district are in the Carrock
tungsten mine that is nearly 32 km west of Penrith. At the Threlkeld
mine, near Keswick, some reserves of zinc have been indicated. The total
production from the district is, of course, unknown. Although mining was
carried out in the district at least as far back as the 16th century, almost
nothing is known as to the amounts of ore produced. Between 1850 and 1947,
production from the Lake district mines amounted to 200,000 to 300,000 tons
of lead concentrates (75%-80% Pb), and about 40,000 tons of zinc concentrates
(about 45% Zn).

Because of differences in mineralization within the district, it is
divided for discussion here into three parts. The first of these, Caldbeck
Fells, is north of a line through Cockermouth and Penrith (about 54°40'N),
the second (the Vale of Newlands) encompasses the area 13 kilometers in
radius and centered around the town of Keswick, the third (Coniston) consists
of a few deposits, randomly scattered in the southern part of the outcrop
area of the Skiddaw Slate series and throughout the outcrop area of the
Borrowdale volcanic series that is south of the contact line between the
Skiddaw slates (north) and the Borrowdale volcanics (south).

The roughly circular area of Ordovician to Devonian rocks that make up
the stratigraphic sequence of the Lake district are surrounded by a rim of
Carboniferous limestones on all sides except that to the west where Permo-
Carboniferous overlaps the Carboniferous beds and rests directly on the older
rocks. The oldest rocks known in the Paleozoic sequence are the lower
Ordovician Skiddaw slates, psammites and pelites; their contact with the
basement never has been seen, so their thickness has not been ascertained.
The Skiddaw group contains the Skiddaw slate below and the Eycott Volcanic
group above; both are Llavirn-Arenig in age. The Skiddaw rocks are overlain
unconformably by the 8000 m+ thick Borrowdale Volcanic group that is pre-
Caradoc, post-Llanvirn in age; the Borrowdale rocks are mainly lavas and
pyroclastics but include minor intrusions (see below). These Ordovician beds
are highly folded and faulted, and ore deposition is confined to them except
in the Carrock Fell area where tungsten has been sporadically recovered from
the Carrock mine. The ore of the Carrock mine is spatially associated with
a silicic intrusive that is pre-Carboniferous and possibly as young as early
Devonian.

Above the Borrowdale are the Coniston Limestone group, 25 meters of
limestones and shales of Caradoc age and the black shale beds that have
various names in different parts of the district and average about 15 meters
in thickness; they are of Ashgill age. The Silurian beds that overlie the
Ashgill shales are the Llandoverian Skelgill/Bowgill beds of siltstone and
shale. They are followed by the Wenlockian Brathy flags, that is, siltstones,
and the Ludlovian that contains, in various part of the district, the Coniston
grits, the Bannisdale slates, and Kirby Moor flags. The total thickness of
the Silurian sequence is more than 5000 meters. The Devonian began with
intrusions of the major silicic intrusives, the Caledonian granites, and
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these are overlain unconformably by varied thicknesses of Upper Mell Fell
conglomerates. The overlying Carboniferous rocks include, from the base up,
the Basement group of red sandstones and conglomerates, the Limestone

series and the Millstone grits that have different names in different parts
of the district, and the Coal Measures; the total thickness of Carboniferous
rocks is about 1000 meters. Finally, the Permo-Triassic consists of more
than 300 meters of red beds (predominantly sandstones, plus evaporites) that
1ie unconformably on the Carboniferous beds. Over another unconformity are
Pleistocene and Recent beds, peat, alluvium, glacial moraines, and boulder
clay (Ineson, 1976).

The Caledonian orogeny produced the main structural features of the
district. The Skiddaw slates were folded, the folds having southwest and
west-southwest trends. The Borrowdale volcanics have a similar trend. It
may be possible to divide the Caledonian structural episodes into three parts:
pre-Borrowdale volcanics, pre-Caradon, and post-Silurian phases. The first
two phases have varied trends that generally are northerly. The last has
elements of the former trends to which have been added northeast to east-
northeast folding. During the Armorican orogeny, the Caledonian wrench
faults were reactivated, and new structures were imprinted on the older ones
thereby adding north-south and northeast-southwest elements to those already
present. Even Alpine structures are evidenced by a north-south tilt to the
area and reactivation of the faults of the area.

The Caledonian (Devonian) earth movements appear to have begun after
the deposition of the Ludlovian Kirby flags. No Downtonian rocks are known
in the district, nor does it contain 01d Red sandstone unless some small
patches of conglomerate near the border of the area may be of that formation
(Mitchell, 1956). The major folds and fractures in the district were pro-
duced at this time. Considerable disagreement remains as to how these com-
plex structures are to be interpreted, but, in general, it is agreed that
the Skiddaw slates were sharply folded and crumpled along a generally south-
western or west-southwestern trend. The Borrowdale formation appears (Green,
1920) to have been separated from the Skiddaw by a series of faults; the
folding of the Borrowdale probably was more broad, although the same trend-
directions were followed. The Geological Survey mapped a major syncline
through Sea Fell and an anticline to the southeast through Langdale.

Early workers from Cambridge, of whom Harker was one, suggested that a
deep-seated thrust plane lay beneath the Lake district, being inclined up-
ward toward the north. They characterized the faults between the Skiddaw
and the Borrowdale as lag fauits as they did the faults between the Borrow-
dale and Coniston formations. Green, in an earlier work, took the view point
that the Skiddaw and Borrowdale pass gradually from one to the other but that
there was an unconformity at the base of the Coniston. He also postulated a
major anticlinal structure, with overfolds, in the Borrowdale and Skiddaw
rocks and, to a lesser extent, found these structures in the Silurian rocks
as well. A great deal of work has been done since Green expressed the
opinions just quoted and many more details of the structure have been worked
out, but this work has not changed the general concept of highly folded
areas of Skiddaw and Borrowdale rocks throughout the district. Locally axial
trends departed from the southwest trends, but these divergences do not
change the general picture.

Mitchell (1956) considers that the Devonian earth movements were severe,
and the pressures causing them probably came from the south. This Devonian
folding was accompanied by much faulting, and the planes of the strike faults
seem almost to coincide with the rock bedding planes. Against these near-
bedding-plane faults, most of the tear faults end. Some of the strike faults
are of major dimensions as is true of the great strike fault that cuts the
Stockdale slates and against which dip- (tear-)faults end. A major strike
fault in the Stockdale slates at Kentmere is a thrust, although its dip is
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from 45° to 90°S; it is paralleled to the south by many minor thrusts. A1l
the thrusts have a west-southwest trend. Locally this great Kentmere thrust
is offset by north-trending faults that may displace the Kentmere fault by

as much as 400 meters. The tear faults might be later than the Devonian, but
they probably were a part of the earth movements of that time. The much more
complex folding in the Skiddaw probably is due to its being much less compe-
tent than the Borrowdale, which is much less drastically folded and faulted,
but some complex folding does affect the Borrowdale. In the folding, the
greatest relief of pressure probably was in the area of the Ordovician Ash-
gill shales and the Silurian Llandoverian shales immediately above them. In
this rock sequence a great strike fault is located, either a thrust or a lag
and probably compound with some blocks moving faster than others and thus
being thrust over or lagging behind those immediately adjacent ot them.
Mitchell believes that the final effect was packing with sliding along or
close to the bedding planes. This compaction seems to have continued into
the younger Silurian rocks, which are, however, less strongly folded.

The differentiation between true dip and cleavage dip appears to be
quite difficult in the district; usually both features have essentially the
same strike, but locally may diverge appreciably. In places, the axial
planes of the folds and of the slaty cleavage are almost parallel. As
cleavage is now known in the youngest Silurian beds present in the district,
it is probable that the area was covered by even later Silurian rocks and by
Devonian 01d Red sandstone, rocks that have by now been completely eroded
away .

After the cleavage had been effected, tension was set up along to two
sets of axes, one directed west-southwest and the other north-northwest. The
first stage of tension produced the low-angle-of-dip joints trending west-
southwest and north-northwest; into these two sets dolerite dikes were intro-
duced. Later tension formed high-angle-of-dip joints. Joints of these west-
southwest and north-northwest trends are common in the Carboniferous of
northern England, so may also have been developed or subjected to further
tension in the late Paleozoic earth movements, but they probably were already
in existence by the time of the Carboniferous earth movements.

The intrusive rocks of the district include three major bodies of
granitic rocks, the Skiddaw granite, a small mass intrusive into the north-
eastern portion of the Skiddaw slates, The Eskdale granite along most of the
western margin of the outcrop area of the Borrowdale volcanics, and the
Shap granite, also a small body, at the southeast corner of the outcrop area
of the Borrowdale volcanics. Near the western end of the contact between
the Skiddaw slates (north) and the Borrowdale volcanics (south) is the
Ennerdale granophyre; it has an outcrop area about one-half the area of that
of the Eskdale granite, the largest of the igneous bodies. The Carrock Fell
complex 1ies along the eastern part of the contact between the Borrowdale
volcanics (north) and the Skiddaw slates (south); it has two to three times
the outcrop area of the nearly neighboring Skiddaw granite. So far as
geological relations go, only the Shap granite shows any definitive evidence
of its stratigraphical age. It has metamorphosed the Silurian sediments
(Coniston limestone and Ashgillian shales) that 1ie immediately south of it.
Further, Carboniferous beds to the east of the Shap granite contain feldspar
fragments that must have been derived from the Shap intrusion. A1l of the
granites are late or even post-tectonic intrusions in an area that shows
strong cleavage and folding but is not thermally metamorphosed. For the Shap
granite (Brown and others, 1964) the mean age of determinations (by the Rb/
Sr and K/Ar methods) is 393 m.y. For the Skiddaw granite, the mean age for
the determinations (all by the K/Ar method) is 399 m.y. For the Eskdale
granite, the mean of the age determinations (all by the K/Ar method) is
383 m.y. A1l these results suggest that the intrusions were rather early in
the Devonian.
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Brown and others (1964) report that both the Shap and the Skiddaw
granites are surrounded by wide aureoles of thermal metamorphism. Apparently
these aureoles indicate that the intrusions were emplaced under thick rock
cover. This supposed deep-seated character of these two granites is con-
firmed by the absence of recognizable fragments of the granite or of frag-
ments from the associated aureoles in the Mell Fell conglomerate, probably of
01d Red sandstone age.

Brown and others (1964) apparently believe that the arguments are con-
vincing in favor of the Lake district granites having risen isostetically at
a similar rate under progressively shallower conditions due to erosion, but
the Eskdale, being somewhat younger than the other two granites rose toward
the surface under a lesser thickness of overlying rocks, and, this inference
is given confirmation through the generally discordant character of the
igneous (Eskdale) rock-intruded rock contact and through the appreciable
presence of intrusion breccias, both of which indicate a more brittle environ-
ment for emplacement than obtained for the Skiddaw and Shap intrusions.
Mitchell sees some direct relationship between the causes for igneous in-
trusion and for the late-orogenic isostatic uplift, an uplift that is not
confined to the Lake district but extends throughout the Caledonides of
Britain. What that causal connection may have been, Mitchell does not
attempt to say.

Because the other two major intrusive rock masses in the Lake district
have been highly altered, the Ennerdale granophyre and the Carrock Fell com-
plex are not completely suitable to have their age determined by the K/Ar
method. Results of whole-rock analyses by this method, however, should be
reasonably accurate because not much of the argon escapes entirely from the
rock volume in which it is generated, but, in large part, at least, remains
in the whole rock, and a large enough sample will provide fairly satisfactory
age determinations. The age determined by this method for the Carrock Fell
complex is 356+20 m.y.; geologically, however, the Carrock Fell rock is
older than the Skiddaw granite at 399#6 m.y. Thus, the age obtained by this
method for the Carrock Fell complex can be regarded only as an absolute
minimum, but it does show that the two rocks (Carrock Fell and Skiddaw) are
both Devonian in age.

The mafic variety of the Ennerdale granophyre gives an age, by the
whole rock K/Ar method, of 334218 m.y.; again this must be looked on as a
minimum age but shows that this rock also is early Devonian. The silicic
type of the Ennerdale gives and age of 370+20 m.y., and the argon was ex-
tracted from perthite that Mitchell says definitely loses argon over a span
of geologic time. This means that the Ennerdale is probably older than the
date just given, but even so, the age still probably places it in the time
frame of the Caledonian revolution.

The Shap granite normally is a pink rock with prominent pink feldspars.
The entire intrusive mass is made up of several increasingly silicic rocks.
These include lamprophyres and quartz felsites that are intruded not anly
into the Ordovician rocks but also into the Silurian ones as well.

The Eskdale granite is also a pink granite that contains many biotite-
rich clots. It has been suggested that the Eskdale was derived from (granit-
ization of) the volcanic country rocks. It does metamorphose the Borrowdale
volcanics and a pebble of this rock was found in a pebble in a core of rock
from the Millstone grit.

The Ennerdale granophyre is stock-like in form and consists of several
types, the most common of which is a pinkish, medium- to fine-grained rock
made up of quartz and feldspar; the ferro-magnesian mineral (or minerals)
that it contained are now chloritic material.

The Carrock Fell complex contains gabbro, granophyre, diabase, and
felsite. These rocks occur as a group of steeply dipping inclined lenses or
sheets that parallel the east-west to east by south strikes of the host
Borrowdale volcanics and Skiddaw slates.
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The Skiddaw granite is a white rock with conspicuous black mica; it has
three outcrops, two in Caldew Valley and a third in Sinen Gi1l. The extent
of the metamorphic aureole that surrounds it indicates that it actually
occupies a much larger area than that of the outcrops. Many dikes of this
rock cut through the aureole, further suggesting that the concealed mass is
nuch larger than the outcrops. The Skiddaw slates were folded in the
Devonian and then were first intruded by dikes. The slates later were meta-
morphosed by the intruding granite, the intrusion having been preceded by
the development of cleavage and by thrust faulting. Thus, the granite cannot
be older than the Devonian earth movements. In addition to the granite, the
Skiddaw intrusion also includes, in order, aplite, pegmatite, and hydro-
thermal action that produced both greisen and hydrothermal mineralization.

Other less-studied and smaller-sized intrusive masses also are known in
the Lake district, including the Threlkeld microgranite, Haweswater dolerite,
the Armboth granophyre dike, the Little Knott mafic picrite, and the Sale
Fell minette.

The suggestion has been made that the extensive and major alteration of
the Borrowdale volcanics may have been caused by a major intrusion underlying
the Lake district. The dome-like uplift of the area in the Tertiary also may
have been due to reactivation (?) of the intrusive activity that caused the
alteration of the Borrowdale rocks.

At one time or another over the last four hundred years at least an
appreciable amount of mining has been done in the Lake district. Probably
quite accurate figures are available for production, beginning in 1848.
Before that date, records are essentially non-existent, but the pre-~1848
production cannot have been impressive by modern standards at least. The
known amounts of lead and zinc mined and concentrated after 1850 (18487) are
given on the first page of these notes. In addition, the lead pigs probably
contained about 10 ounces of silver per ton. Assuming that the total lead
production was the 186,000 tons of about 80 per cent Pb concentrates were
produced between 1950 and 1947 (as given by Dunham in 1976) and that this is
an underestimate by 20 per cent, allowing for lead produced before and after
1850 and 1947, respectively, the total tonnage in terms of lead pigs would
have been about 225,000 and the total silver, recoverable, if not recovered,
would have been about 2,250,000 ounces, a respectable amount by any standards.

The only tungsten mine of any importance in the district is the Carrock
(Fell) mine, and production figures from it are not available (to me, at
least)., Production, however, was sufficient that "good returns" are reported
to have been made in the latter half of World War I and promising exploration
was done during World War II, but the tungsten shortage eased sufficiently
that work was stopped before the exploration program was completed; further,
reported exploration and preparation for mining appeared in 1976 to be pro-
gressing favorably. No information has been found in my work as to the total
production of copper from the Lake district, but, for the Coniston mine, the
tonnage is reported to have totalled 52,000 tons of cobbed or dressed ore
that ran from five to 13 per cent copper, at most 5500 to 6000 tons of re-
coverable copper metal. If any other mineral material was recovered from
the Coniston mine, it has not been reported in any publication I have seen,

The mineralization in lead, zinc, and silver is contained in fissure
veins and replacement ore bodies, and these are loosely concentrated in
three areas,all within short distances of Keswick. Northeast of Keswick, in
the Caldbeck Fells region, are the mines of Roughtongill, Sandbed, Driggith
(the last two are on the same vein), Potts Ghyll (3.0 kilometers northeast of
Roughtongill), Red Gill (one kilometer west-northwest of Roughtongill), and
Drygill (one kilometer east of Roughtongill and perhaps on the same vein as
Driggith). A1l of these mines, except Potts Ghyll and Ruthwaite are lead,
copper, zinc, barite, and probably silver mines; the zinc might now be
recovered from the dumps, but the sphalerite probably is so oxidized by now
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as not to be recoverable by flotation. Silver probably was recovered but I
have seen no records that this was done. These mines are all within about
three kilometers of Carrock Fell mine, but they appear not to be genetically
related to the complex. The Roughtongill mine (apparently composed of two
more of less parallel veins) was worked at least from the time of Queen
Elizabeth I, mainly for copper. At the southwestern end of the two veins,
the more easterly vein began in the Carrock Fell complex and then passed into
the Borrowdale volcanics, and then on into the Carboniferous 1limestones where
it may not have been mineralized and where the structure may have been opened
after the mineralization was complete to the southwest. The more westerly
vein appears to have begun at the contact between the complex and the Borrow-
dale volcanics; it joined the easterly vein southwest of the point at which
the easterly vein enters the Carboniferous limestones. Driggith and Sandbed
are reported to be on the same vein; if this is so, the Sandbed section has
been displaced to the east by a more or less east-west fault by nearly one
kilometer. For both the Driggith and Sandbed mines, the production was
appreciable, for example, between 1850 and 1870, 5000 tons of lead concen-
trates were removed from the Driggith mine. The Sandbed appears to be con-
fined to the Borrowdale rocks and the Driggith to the rocks of the complex.
Potts Ghyll in 1956 was the only producing mine in the area, and it produced
only barite in amounts worth mentioning.

Two major mines near, and southeast of Keswick are the Greenside mine,
at the head of Ullswater and the Threlkeld mine about eight kilometers
directly south of the center of the Carrock Fell complex and 1.5 kilometers
southeast of Keswick. The Greenside mine was in intermittent operation for
well over 200 years and produced more than 200,000 tons of lead concentrate
and 65 tons of silver before its final closing in 1967.

The Greenside mine is located almost entirely in Borrowdale fine-
grained andesites and some tuffs; in the northern part of the mine, at depth,
some Skiddaw slates are known. The Threlkeld mine is contained in large part
in dark Skiddaw slates but enters the widespread metamorphic aureole of the
Skiddaw granite, first encountering chiastolite slate and farther north
cordierite slate.

The veins in the Vale of Newlands area (west and southwest of Keswick)
include the mines of Force Crag, Thornthwaite, Barrow, Stoneycroft, Yewth-
waite, Brandlehow, Goldscope, and Castle Nook. The country rock of these
veins is Skiddaw slate.

In the Coniston area, the ores are contained in east-west and west-
northwest veins that cut the generally northeast-southwest-trending beds of
the Borrowdale volcanics. Although overlain by Silurian beds, the mineraliz-
ation is confined essentially to the Ordovician rocks.

The replacement bodies of hematite ores in the Carboniferous 1imestones
of south and west Cumberland almost certainly are the youngest ores in the
district. The major amounts of ore are in strata-bound deposits in various
beds of the limestone sequence. These major replacement masses are :ormally
linked by vein-filling deposits in fault systems. In west Cumberland, also
present are veins filling northwest- or west-northwest-trending faults; they
contain quartz, dolomite, chalcopyrite, and galena. In south Cumberland, the
fault pattern is more complex and consists of minor northwest and east-west
faults and major north-south and north-northwest cross faults; the minerals
in these veins are hematite, quartz, and calcite. .These iron-ore veins
obviously are quite different than those of the other areas of the Lake
district, and the ore fluids that deposited them almost certainly came from
a different source than those responsible for the non-ferrous ore veins of
the bulk of the Lake district. Further, they can be no older than Carbon-
iferous, and their ore-forming fluids must have had a source appreciably
different from that that produced the copper-zinc-lead ores of Lakeland. The
reported depositional temperatures for the Cumberland iron ores (Shepherd,
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and others, 1976) are based on studies of the fluorite present in them. On
this fluorite basis, it has been suggested that the filling of inclusions in
fluorite at 115°C indicates that the hematite and other minerals that are
associated with the hematite were formed in the vicinity of 115°C. Normally
these hematite associated minerals are considered to indicate much higher
temperatures of formation than 115°C, and this still may be the case. It
appears probable to me that the fluorite is late in the paragenetic cycle
and that actually does not give a true picture of the temperature at which
the hematite ores were formed. More evidence is needed if the hematite ores
are to be considered the result of low-temperature formative processes.

The major structure of Lakeland (Eastwood, 1959) is an anticline with
the early Ordovician Skiddaw slates (the oldest rocks) being bordered on
either side by the less old Ordovician Borrowdale volcanics; these rocks are
overlain by those of Silurian age (although these do not outcrop along the
northern rim of the district, being covered there entirely by Carboniferous
beds). The anticlinal axis runs through the center of the Skiddaw outcrop
area in an east-northeast direction. This axis curves to the south at both
its ends. On the flanks of this major fold are several lesser, though large,
folds and a huge number of small ones that are cut by numerous faults, in
some of which lie the various ores of the Lake district. A1l of the rocks
show some cleavage, but the Skiddaw slates are better described as shales,
flags, and grits, and they resemble the killas of Cornwall to a considerable
extent.

Although there are five large intrusions in Lakeland and many small ones,
ore veins cut only the Skiddaw granite and the Carrock complex, both near
neighbors at the north end of the district. Despite the agreement on the
Devonian age of the intrustions, the veins penetrate, though barely, Carbon-
iferous rocks. This suggests rather than a Carboniferous age for all the
ores that further igneous activity at depth produced small quantities of
Carboniferous ore-forming fluids that followed the paths of their Devonian
forebearers. Thus, the age of the ores is here given as Middle Paleozoic
with the understanding that this probably includes earliest Carboniferous to
a minor extent. The late Tertiary uplift of the Lake district probably did
not produce any ore mineralization even though it did affect the topography
and the degree to which the ore veins were exposed at the surface.

The north-south veins of the district show an upward zoning with chal-
copyrite and sphalerite at depth, then with galena and sphalerite, followed
above by barite and dolomite, and finally by pyrite and manganese minerals.
Normally, chalcopyrite and galena do overlap, but not to a large extent.
There does not appear, however (Eastwood, 1959), to be any lateral zoning as
is true in the Pennines. The tungsten ores are definitely older than the
lead-zinc ores, but they still are Middle Paleozoic in age. On the contrary,
the copper veins normally are older than the lead-zinc but can be later in
places; the same is true of quartz, a common gangue mineral of the copper
ores. Most of the copper ores are in east-west veins, and the north-south
faults that contain the lead-zinc ores have displaced the east-west veins but
this rule has many exceptions.

The wall rocks, except where soft, compact ones barred the upward pass-
age of the ore fluids, apparently did not localize the ore mineralization
except through the structures that earth movements developed in them. The
important structures are the relatively minor fractures and not the major
folds or even the minor ones. The ore bodies are in many places about equal
in vertical and horizontal dimensions, and, in a number of instances the
vertical dimension is greater than the horizontal, as at Greenside and
Coniston. Eastwood (1959) suggests that several ore bodies, not completely
mined out, probably have a greater vertical extent if the lowest ore mined
was galena and sphalerite. Thus chalcopyrite ores might be found at depth.
If this concept is correct, then, although there may have been a copper-rich
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and a lead-rich mineralization, the one following the other, lead-zinc
mineralization at depth also may be expected to pass into a copper-zinc one.
From the common occurrence in the Coniston area of ore bodies that do not
have an upper extension into lead-zinc ores and are in faults of different
strike than those of the lead-zinc veins that are known to grade downward
into copper-zinc phases, it would seem to follow that the first ore fluids
that were given off from the magma chambers at depth were capable of pro-
ducing chalcopyrite-arsenopyrite-pyrite ores (at least at the levels at which
such ores are now known), whereas the later north-south faults tapped magma
chambers that produced ore fluids that ran the gamut in the ores they pro-
duced from copper-zinc to pyrite-manganese ones. This would explain why
lead-zinc ores that have been followed to sufficient depths grade into
copper-zinc ores whereas those that outcrop in the copper-arsenopyrite range
may have had an upward extension into lead-zinc ores but have long since
lost these to processes of erosion.

Although most of the copper veins (with minor or no lead-zinc) are
irregularly distributed in the Borrowdale volcanics and show no preferred
formations within the volcanics, a few are known to be in the Skiddaw slates.
One vein was explored for copper in a southern, xenolithic portion of the
Eskdale granite, but no economic mineralization appears to have been found.

In the Coniston area, the tuffs and rhyolites and andesites to a minor
extent are the host rocks for the ore mineralization. The rocks strike
nearly northeast-southwest and dip uniformly to the southeast at high angles.
The faults are most abundant in the rhyolite, which probably accounts for
such rocks being the most productive in the area. The faults appear to have
resulted from a pair of conjugate shear planes at 345° and 80°, plus a set of
tension fractures at 300°; these orientations are consistent with compression
at right angles to the strike of the beds. The strike faults are high-angle
thrusts that are localized in the softer horizons and probably were con-
comitant with the folding. Some of the faults displace the north-south min-
eral veins. Open spaces were created along the veins by the refraction of
the shear planes as they passed from one rock type to another. Of all fault
types, the strike faults are least favorable to mineralization because they
rarely intersect bedding planes and, for this reason, refraction-produced
open space normally is not developed on them.

Wall-rock alteration is confined to the veins and to narrow zones next
to them. Such alteration produces quartz and chlorite, both of which also
are common in the unmineralized volcanics. Further, these two minerals are
the main gangue minerals in the veins and are accompanied by only minor
quantities of carbonate and feldspar; barite and fluorite are completely
absent from these deposits. The order of deposition of the primary ore
minerals is: magnetite, arsenopyrite, pyrrhotite, pyrite, marcasite, chal-
copyrite, sphalerite, galena, bismuth, and bismuthinite. A1l of these
minerals, except pyrite, occur only in the veins; pyrite may impregnate the
wall rock, particularly the tuffs. Dagger (1977) considers that the textures
of the ore minerals are consistent with a single phase of mineralization;
replacement textures are only minor in extent. Some early arsenopyrite and
pyrite have been broken and then in-filled by quartz, chalcopyrite, and
sphalerite, indicating some small-scale movement along the veins during
mineralization. Locally carbonate minerals were deposited and these seem to
post-date all minerals.

The veins show vertical zoning in that pyrite and chalcopyrite dominate
near the surface, arsenopyrite is added to these with further depth, and
magnetite is present instead of arsenopyrite at still greater depths. This
magnetite phase is found only in the Bonser mine at Coniston, which is the
deepest mine in the area. The magnetite may have been a replacement of even
earlier hematite as is suggested by the lamellar habit of the magnetite
crystals,
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The Carrock Fell mine is on the northern edge of the Skiddaw granite
and is about seven kilometers south of the village of Caldbeck (Dunham, 1976).
During the late stages of the crystallization of the granite, a small greisen
zone was developed in which several quartz veins and stringers were developed.
These extend from Caldew Valley on the south to Drygill on the north. In
about the middle of this set of quartz veins, the veins travel upward not
only through the greisenized Skiddaw granite but on into the mica schist of
the metamorphic aureole of the granite into the Carrock gabbro of the Carrock
complex. In the entire vertical extent of the veins, tungsten minerals are
present. The veins are vertical or nearly so; these veins are cut by minor
east-west fissures that contain uneconomic amounts of galena and sphalerite.
The three main veins are the Emmerson (east), the Harding (180 meters to the
west), and the Smith (another 45 meters west of the Harding). The veins are
from 10 to 15 centimeters to 1.5 meters wide and contain mainly quartz with
randomly located wolframite and scheelite, followed by arsenopyrite, pyrite,
pyrrhotite, iron-rich sphalerite, and ankerite as the principal minerals.
Eastwood (1959) says that the ankerite has reacted with wolframite to provide
additional scheelite. Other minerals locally present are galena, molybdenite,
chalcopyrite, bismuth, tourmaline, apatite, dolomite, calcite, and barite.
Some assays have been reported to contain tin, but no tin mineral ever has
been identified. Wolframite normally occurs near the vein walls and quartz
mostly, but not solely, in the central portions of the veins. In places, the
greisen is said to have been heavily kaolinized. At least on the Emerson
vein, the throw on the fault has been considerable. Dunham states that the
mineralization was emplaced about 390 m.y. ago.

Although Dagger (1977) thinks that the as-yet unverified granite at
depth provided only heat that heated water in the overlying rocks enough
that it was able to extract ore elements from the Borrowdale volcanics and
transport them upward to be deposited higher in those rocks, it seems much
more probable to me that the ore fluids came from the hidden granite and
moved upward from far below the basal Borrowdale rocks to deposit their load
in them, with some spilling up into the Skiddaw beds.

From this discussion of the copper deposits of the Coniston area, it
would appear reasonable to assume that they were deposited at high enough
temperatures to be classified as Hypothermal-1 to Mesothermal, although
microscopic study of the Coniston chalcopyrite and sphalerite might determine
definitely if mesothermal should be included.

The considerable amounts of silver in the lead of the lead-zinc ores in
the Lake district suggests that they were formed at higher temperatures than
telethermal and that they should be categorized as Leptothermal or, perhaps,
better as Mesothermal to Leptothermal. The lack of detailed publications on
the mineralogy of the lead-zinc ores of Lakeland prevents a more positive
statement as to classification to be made here.

Despite the short distance that lies between the Lake district and the
Pennine ore bodies, it appears probable that there was an appreciable
difference in time and character between the Lakeland ores and those of the
Pennines. The Lakeland ores are almost certainly Devonian (with perhaps a
minor addition to the lead-zinc ores in the Carbono-Permian) whereas the
Derbyshire ores are most likely early Mesozoic and those of the Askrigg and
Alston blocks are more probably early Mesozoic. The Lakeland ores range in
wide variety from Hypothermal-1 and -2 to Leptothermal, whereas those of the
Pennines are true Mississippi-Valley-type telethermal ores. These classifi-
cations remain correct no matter where the ore fluids came from or how they
managed to transport and deposit their mineral load. It seems reasonable to
suppose that the close spatial relationship of the Lakeland ores to granitic
igneous rocks and the essential lack of such in the Pennines must be con-
sidered in any discussion of their respective manners of genesis.
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SOUTHWESTERN ENGLAND LEAD AND ZINC

Late Paleozoic Lead, Zinc, Silver Leptothermal
Barite, Fluorite to Telethermal
(minor)

Dewey, H., 1921, Lead, silver-lead and zinc ore in Cornwall, Devon and Somer-
set: Geol. Surv. Great Britain Spec. Repts. Mineral Res., v. 2!, 70 p.,
particularly p. 10-59

Dines, H. G., 1956, The metalliferous mining region of south-west England:
Dept. of Sci. and Ind. Res., Geol. Surv. Great Britain Memoirs, 2 vols,,
795 p. (mainly descriptions of individual mines but includes most of those
that were mined exclusively for lead, zinc, silver, and barite)

Schnellmann, G. A. and Scott, B., 1970, Lead-zinc mining areas of Great
Britain, in Jones, M. J., Editor, Mining and petroleum geology: Ninth
Min. and Met. Cong. 1969, Pr., v. 2, p. 325-356; (disc., p. 357-365)

Vipan, P. G. L., 1959, Lead and zinc mining in south-west England, in Future
of non-ferrous mining in Great Britain and Ireland: Inst. Min. and Met.
Symp., London, p. 337-353

Notes

The positions of the lead-zinc lodes in southwestern England already
have been located in the discussion under the heading: "British Lead-Zinc".
Schnellmann and Scott report that the area produced nearly 320,000 tons of
lead (probably lead concentrates) and almost 90,000 tons of zinc concentrates.
The largest amount of production came in 1845 through 1886. Although the
area contained, at one time or another, more than 200 mines, 71 per cent of
all reported lead production came from nine mines and 63 per cent of all zinc
from three. Zinc was produced from 63 mines. More than seven million ounces
of silver are reported to have been obtained from the lead.

Normally, the veins have a north-south trend with the faults being
normal and the dips steep to vertical. The ore shoots in these structures
mainly are fissure fillings, but some replacement of the immediate wall rocks
has been reported. Some of the ore shoots, at least, were emplaced in soft
shale and ended when the fracture passed into harder, more siliceous rock.
The ore shoots were up to 800 meters along strike and extend to at least
400 meters below the surface. The veins are Tocated in Devonian and Culm
Measures (lower Carboniferous) beds. They usually are spatially related to
granites, and the mineable mineralization is found both within and beyond
the envelopes of thermal metamorphism that surround the granites. In
addition to galena and sphalerite, the ores include barite (200,000 tons
produced from the district), fluorite (5000 tons recovered), quartz, and
calcite. For what the results of age determinations made from lead-isotope
studies are worth, these deposits appear to have been formed in the ilate
Carboniferous or early Permian and are associated in space with granites that
appear to be of about the same age. For an outlier of the tin-copper
deposits of Cornwall, the assignment of this age appears to be reasonable.

Studies of the wallrock alteration (killas) are far from thorough, but
what has been done indicates that the sediments containing the ores have been
converted to silica and chlorite for a few meters into the walls.

The rich silver content of most of these southwestern England ores
suggests strongly that they were precipitated, and in considerable part,
under Teptothermal conditions, but the lack of uniformity in the silver
content of the galena may indicate that part of the ore was deposited in the
telethermal range. This is, of course, exactly what would be expected of
ores that lie on the margins of a huge district in which major deposits of
hypothermal and mesothermal ore minerals are centrally located in relation
to the lead-zinc-silver ores.



GREAT BRITAIN - ENGLAND 141

The first structural event in the area appears to have been the develop-
ment of normally east-northeast trend folds, cleavage, and jointing. The
Paleozoic rocks so affected appear to have been shales and mudstones with
intercalated grits and conglomerates that have been converted by the intruded
granite in the early Permian into "killas". The granites occur as bosses,
usually of considerable size, that are surrounded by their metamorphic halos
of killas. The areal distribution of the granite increases with depth so
that no point on the surface probably is very far removed from granite at
depth. Mafic dikes, sills, and lavas are common in the region but appear to
have no genetic connection with the ores. In contrast to the tin and copper
ores of Cornwall, which are mainly in east-west lodes, the lead-zinc ore
shoots are in north-south "crosscourses", both due to the effects of the
granite intrusions. All of the lead-zinc ores are either in killas or the
unaltered mudstones and shales that lie outside it.

What follows here is largely summarized from Vipan (1959) and indicates
that the Southwestern England lead and zinc district, although it is known
only to have produced about 1/16th of the total obtained in Britain, would
have been considered of far greater importance had it been by itself and not
a minor offshoot of the Cornish tin-copper district.

In the Perranzabuloe-Newlyn East area, the country rock is made up
solely of lower Devonian sandstones, grits, conglomerates, and shales in
which the ore veins run northeast-southwest (with the exception of the East
Wheal Rose mine where the two main veins run north-south) and dip steeply.
In these veins, the ore shoots were normally as much as two meters wide but
locally much greater widths were known. In some mines, the killas country
rock was quite weak and mine openings had to be strongly supported. In
places, the ore shoots were well developed in the soft shales but pinched
out where the country rock changed in both directions to hard siliceous
material. More than one space of soft shale on a given fissure might have
been converted to ore shoots; the East Wheal Rose and the Chiverton mines
occupied such a relationship. In this district, 115,000 tons of lead con-
centrates contained more than 1,750,000 ounces of silver; 1.2 million ounces
came from the West Chiverton mine alone.

The Perran Iron Lode was poor in lead, although much iron ore was
recovered from it, and this area produced over 37 per cent of all zinc re-
covered in the Southwest England district. The Perran Lode proper had a
length of nearly six kilometers; it dipped to the southeast at, for the
district, a very low angle: 35°-65°. From the usual width of a few meters,
the width locally rose to over 20 meters, although such wide volumes con-
tained large horses of barren country rock. Each wall of the vein was made
up of a wide band of brecciated killas, cemented by quartz, iron oxide,
and/or sphalerite. The bodies of sphalerite and iron ore were not continuous
but would stop against barren killas or against fractures that cut north-
east-southwest across the vein.

The Menheniot area produced about 28 per cent of the lead from the
whole district and over 40 per cent of the silver; only a minor amount of
sphalerite was recovered from the entire area. Of the three major mines, the
Mary Ann was the most productive, having an output of nearly 30,000 tons of
lead concentrates and 1.125 million ounces of silver. The Trelawny and
Herodsfoot mines produced, respectively, 19,000 and over 23,000 tons of lead
concentrates; and, respectively, nearly 700,000 and just over 600,000 ounces
of silver. The country-rock killas contained minor lavas and mafic intru-
sions; two major veins extended north-south through the area, one for five
kilometers and the other for over seven kilometers. The Mary Ann and
Trelawny mines adjoined each other on the same vein, being worked for a total
strike length of more than 1.5 kilometers and perhaps to a depth of as much
as 550 meters. Below about 370 meters, the ore was far less continuous than
the 80 per cent of total recovery stoped out above that depth. The combined
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vein was 0.3 to 1.2 meters wide; it dipped steeply east in the Trelawny mine
but much less so near the southern boundary of the Mary Ann. The vein at
the Herodsfoot mine was up to 1.2 meters wide and extended along strike for
about 1500 meters and went down during its final period of mining to a depth
of 400 meters. When the mine was reopened in 1844, the shafts were found to
be open only down to 100 meters, and what was produced from these upper work-
ings never was recorded; the total production from this mine, therefore, was
appreciably larger than the 23,000 tons mentioned above. A1l mining in the
area ended in 1884.

The Tamar Valley area produced only eight per cent of the lead from the
district and 8.6 per cent of its silver; no sphalerite was reported but 3240
tons of fluorite was sold. Some mines in the area were worked as far back
as the 13th century, but, of course, no production records obtained from
those times, so the percentages just given certainly are low, but by how much
will never be known. The country rock is Devonian killas with some outliers
of the Culm Measures being known at the north end of the district. Two veins
ran north-south and dipped east in the area of the Tamar River. The greatest
depth of workings was about 450 meters. In the richest mine (South Tamar),
silver averaged 37 ounces per ton, but this mine was.so close to the Tamar
that it was flooded out after only a short 1ife. A small tonnage of fluorite
(about 800) was produced from the district and sold in 1879 through 1882.

Although the Teign Valley area was the smallest producer in the district
it did contribute 370,000 tons of barite, plus 9.1 per cent of the lead con-
centrates but only 5.1 per cent of the silver and 1.8 per cent of the sphal-
erite. At the surface of this area, the country rock is Culm Measures
shales, mudstones, cherts, and tuffs with appreciable intrusive bodies of
igneous rocks. Near the margins of the Dartmoor granite, the killas is
metamorphosed. Parallel to the western border of this granite, outside the
metamorphic aureole, is a belt of north-south trending fractures some 8000
meters long. Three lead mines were worked on two main veins and several
minor branches; these structures dipped steeply but Vipan (1959) does not
say in which direction. Production, after recording began, amounted to about
26,500 tons of lead and 1564 tons of zinc concentrates, the lead containing
nearly 370,000 ounces of silver. Since one of these mines had been opened
a considerable time before production statistics were kept, the totals for
lead and silver almost certainly were at least appreciably greater than the
figures quoted here. Barite and fluorite undoubtedly were present in these
mines in considerable quantity but probably were not recovered or, if re-
covered, not concentrated and sold. At the north end of the fracture belt,
the most successful barite mine (the Bridford) in southwestern England was
found; apparently, the mine was opened about 1875 and continued in production
until 1958. During that period, it is indicated that upwards of 500,000
tons of barite were recovered. In the Bridford mine, two main veins were
exploited as well as a number of minor branches; the strike length was
nearly 250 meters and the depth reached was about 180 meters. Between the
120 meter level and the 250 meter level, the concentration of barite per
foot of depth dropped from 870 tons of barite concentrates to about 180 tons.
This major decrease was caused not only by the falling-off of the dimensions
of the ore shoots but also to an appreciable increase in the content of sul-
fides of lead, zinc, and iron. East of the main barite lodes, a stockwork
area was developed but not stoped. This ore was not mined, it seems, not
because of a decrease in barite grade but due to the increased sulfide con-
tent that could not be satisfactorily separated in the mine's gravity ore
dressing plant. 1t would seem almost certain that considerable sulfide ore
exists in the Bridford mine, but obviously it did not appear, to the
operators, of sufficiently large size to warrant the investment in a pro-
cessing plant capable of separating barite from sulfides and sulfides from
each other.
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At the time that Vipan wrote (1959), the value of silver was low, and
he thought that this, as much as anything else, was what kept the owners
of various lead-zinc-barite-fluorite properties from investing in modern
processing plants. So far, even the much increased price of silver, about
$10.00 per ounce at present (1982) prices, does not appear to have tempted
any group into reopening or reprospecting known veins in the Southwest
England district.

If the Bridford property, on further exploration, were found to pass
from essentially massive barite into a polymetallic mine at depth, it would
not be the first to do so, but it appears that the current chances of making
a profit by such exploration do not seem good to those who have detailed
knowledge of the area.

Itis almost certain that the deposition of the Southwest England lead
and zinc ores was carried out, at least in part, at temperatures above the
telethermal range. Although the ores do not carry to sulfosalts that are
typical of most leptothermal deposits in the world, the high content of
silver (over 22.5 ounces to a ton of lead concentrates) places the district
firmly in the leptothermal category, although minor amounts of the galena
may have been deposited in the telethermal range.

Further, the age of the mineralization definitely is that of the Cornish
tin-copper deposits of which these lead and zinc ores are the outer and
lower-temperature fringe, and, therefore, they should be dated as Late
Paleozoic.

SCOTLAND
Leadhills-Wanlockhead, Lanarkshire, Dumfrieshire

Late Paleozoic Lead, Zinc, Silver Leptothermal
to Telethermal

Gallagher, M. J., 1978, Scotland, in Bowie, S. H. U., and others, Editors,
Mineral Deposits of Europe, Volume I, Northwest Europe: Inst. Min. and
Mineral. Soc., London, p. 270-273

Mackay, R. E., 1959, The Leadhills-Wanlockhead mining district, in The
Future of Non-Ferrous Mining in Great Britain and Ireland: 1Inst. Min.
and Met., London, p. 49-64

Mitchell, J., 1919, The Wanlockhead lead mines: Min. Mag., v. 21, p. 11-20
(mainly historical and technical)

Temple, A. K., 1954, Rammelsbergite from the southern uplands of Scotland:
Mineral. Mag., v. 30, p. 541-543

1959, The Leadhills-Wanlockhead lead and zinc deposits: Roy. Soc.
Edinburgh Tr., v. 63, p. 85-113

Watson, J. A., 1937, Crawford Muir; its mining history and minerals:
Edinburgh Geol. Soc., v. 13, p. 98-105

Wilson, G. V., 1921, The lead, zinc, copper, and nickel ores of Scotland:
Geol. Surv. Great Britain Spec. Repts. Mineral Res., v. 17, 159 p.,
particularly p. 9-43

Notes

The mining district of Leadhills-Wanlockhead is located in the Southern
Uplands of Scotland on the lower slopes of the northern flank of the Lowther
Hills. This area is between the Nith Valley and the head of the Clyde Valley.
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The two villages for which the mines are named lie on either side of the
boundary between the two counties, Leadhills in Lanarkshire (northeast) and
Wanlockhead in Dumfrieshire (southwest). Although the first recorded pro-
duction was in 1239, some of the veins probably were worked by the Romans
for lead and almost certainly for silver; zinc of course was not recovered
by the Romans. In the 16th century, gold was mined from massive quartz
veins that contained pyrite, muscovite, and albite as well; production of
gold in this century was worth over K100,000 but has long since ceased.
Since 1637, mining has been carried out in the district for lead and silver,
but it was not until 1871-1880 that the first commercial production of zinc
was recorded. Zinc production appears to have been confined to the Wanlock-
head portion of the field, and silver was appreciably more important in that
area as well. No silver was reported as mined from Wanlockhead after 1935
and from Leadhills after 1920. Except for one year (1934), Wanlockhead was
shut down from 1929 until 1956-1957. The mines were put on care and main-
tenance in 1958 and have remained so to the present time so far as I know.
The total production (estimated) of the district from 1785 through 1957 was
about 315,500 tons of lead (in concentrate form?), about 14,000 tons of zinc
(as concentrates?), and nearly 850,000 ounces (31 metric tons) of silver as a
by-product of lead smelting. The policital division between the mines also
was true in the physical and ownership senses. The lowest workings reached
to about 425 meters below the surface at Wanlockhead and about 445 meters
below the surface at Leadhills.

The oldest rocks in the district are of the Ordovician Arenigian stage
and consist of volcanic and intrusive rocks (older) and radiolarian cherts
(younger). Unconformably above the Arenigian rocks are those of the Cara-
docian stage that include graywackes, shales, and grits (older) and black
shales passing into graywackes, shales, and conglomerates (younger).
Apparently conformably above these rocks are those of the Ordovician Ash-
gillian stage that are designated as the lower Shales with conglomerates and
graywackes. This sequence, given by Pringle (the South of Scotland: British
Regional Geology, 2nd ed., 1948), differs considerably from that given by
Wilson (the Lead, Zinc, Copper and Nickel Ores of Scotland: Mineral Re-
sources of Gt. Britain, Spec. Rep., 1921) that was based on the studies of
Peach and Horne in the 1890s. From Wilson's work, it appears that the thick-
ness of the post-Arenigian rocks was slightly over 315 meters; the radiolarian
cherts had a thickness of more or less 20 meters, and the thickness of the
volcanic and intrusive rocks is unknown as their base never has been seen.

The rocks that contain the ore veins are graywackes, and these appear
to be stratigraphically above the series of black shales and cherts. The
only cherts noted in Pringle's stratigraphic sequence are the Arenigian
Radiolarian cherts. From this it follows that the Black shales are Cara-
docian, and it would seem that the ore-vein-containing graywackes are Ash-
gillian. The Arenigian and Caradocian rocks are limited to two northeast-
southwest-trending anticlinorial belts, one to the northwest of Leadrills
and the other to the southeast of Wanlockhead. The synclinorial areas be-
tween these two belts contain the younger ore-vein-bearing Caradocian gray-
wackes; the Caradocian beds are composed of graywackes and shales and
probably are slightly over 300 meters thick.

The ore-bearing graywackes range from coarse breccias to fine shaly
graywackes. The major component of these rocks is angular to subangular
grains of quartz; also present is some feldspar that in many places is
partly decomposed. The graywackes also include fragments of different rock
types, particularly graywacke, slate, quartzite, and fine-grained igneous
rocks. Hornblende also is present, as are white mica, chlorite, garnet, and
zircon. The cement of these various constituents is a dark chlorite with
appreciable amounts of cryptocrystalline silica; the presence of carbonate
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is shown by the noticeable degree of effervescence exhibited by the gray-
wackes.

Although much of the rock of the Scottish Uplands is isoclinally folded,
the rocks of this ore district do not appear to have been so affected.
Actually, in the ore area, all the contacts that were mapped underground in
the examination of the property from 1952 on were considered to be tectonic
and the structures generally were demonstrably reverse faults. The surface
mapping above the adit in which this mapping was done showed the structures
to be isoclinal folds. MacKay {1959) believes that the underground mapping
should be considered as the better interpretation. MacKay believes that the
faults of the area can be assigned to one of two distinct sets; one trends
northwest-southeast and the other generally north-south.

A geological feature in the district of considerable importance is a
reverse fault with a low angle of dip (30°-40°) to the northwest. This
fault is certainly known only underground, never having been seen on the
surface; its relationship to the ore veins is not stated. This fault marks
the northwest margin of the ore-bearing zone, a barrier broken only by a
few of the ore veins.

Temple (1959) expresses the problem somewhat differently, saying that,
"although the universal strike of the country rock is northeast-southwest,
the dominant structural feature within the graywacke belt 1is the marked
north-northwest-south-southeast jointing". In places, however, Temple sees
two sets of joints that may depart from each other by as much as 40°. He
says that 75 per cent of the joints dip to the east. The main trend of the
mineral veins in the field is N15°W (or north-northwest-south-southeast), and
they dip to the east at various angles, most of which are less than 30°. In
the Leadhills area, there is a minor set of veins that strike west-northwest
and dip southwest. The north-northwest-trending veins in the Wanlockhead
area (and probably over the entire ore district) have directions that change
abruptly. Where these veins make such changes in direction, minor veins
take off from the main ones. Where they leave the east side of a main vein,
these minor fractures head toward the north; where they leave the west side
of a vein, they head generally south. Although these minor veins are
mineralized only in a few places, they may form branch veins or loop back
to the main vein. Slickensides are common on the walls of the main veins;
such structures normally plunge north. Locally, veins have been seen to dis-
place microdiorite dikes to the left.

The veins in the graywackes are filled with brecciated fragments of
that rock and fragments that are cemented gangue minerals, mainly ankerite
and calcite. Sulfide minerals also make part of this filling, but the ore
minerals normally are on the foot or hanging walls of the veins with the
footwalls being the more common loci of their deposition. Clay gouge in
most places outlines the margins of the veins and, in narrow veins, may
partly provide the cement for the fragments. A sharp bend in a vein in many
places changes its character from a thin clay band to a much wider structure
that may contain appreciable galena. Some veins are displaced by as much as
three meters by strike faults; the example given was in a right-hand
direction,

A1l the veins in the Wanlockhead area (to the west of the Belton Grain
Vein that lies on the northeast edge of this portion of the district) end
against a low-angle thrust fault that dips to the northwest. This fault is
the southern margin of the northern anticlinorium and separates cherts and
black shales to the northwest from graywackes to the southeast. The plane of
movement of this fault, at least locally, is a wide shatter zone of crushed
rock that has been laminated by pressure and contains inclusions of gray-
wacke. Although this fault has not been traced into the Leadhills area,
the way in which the Leadhills veins end against the southern margin of the
northern anticlinorium indicates that the structure along this margin
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probably is the same, or a similar, fault although farther east the fault
probably has been displaced northwest by a left-handed movement along one or
more north-northwest-trending faults. This suggestion appears to be con-
firmed by the northwestward displacement of the Leadhills chert outcrops in
relation to those in the Wanlockhead area.

The left-handed displacement of the low-angle thrust fault just
mentioned has been essentially confirmed by the left-handed displacement for
over 65 meters of a microdiorite dike by the Middle Grain vein at the extreme
northeast edge of the Leadhills area.

The shatter zone of the Tow-angle thrust fault, which carries Llandeilian
and Arenigian rocks southeastward over those of Caradocian age, probably
furnished an impermeable or semipermeable barrier to the movement of the ore
fluids farther to the northwest. This appears to be the only area in the
district where Llandeilian beds are known.

MacKay points out that it has been the custom to divide the veins of the
district into those of Leadhills and those of Wanlockhead. Although this
division is based on political boundaries and not on geology, some differ-
ences exist between the veins in the two areas. Most of the Wanlockhead veins
are sub-parallel, and all of them, with one exception, dip to the slightly
north of east. In Leadhills country, however, the pattern is less regular
with two major directions of strike being discernible, north-south and north-
west-southeast. The dips of the veins are usually southwest for the north-
west-southeast veins and east for the north-south veins., If the two strikes
are combined in one vein, the zig-zag pattern that results, plus minor
horizontal displacements (both left-handed and right-handed), produces
appreciable volumes of open space in which the principal ore shoots were em-
placed, The amount of horizontal movement ranged between 1.5 meters and
30 meters. The size of the ore shoots depended on the amount of horizontal
displacement and the degree to which the vein in question zig-zagged. For
example, the major ore shoot on the New Glencrieff vein reached from the sur-
face to a depth of about 370 meters and had a length down the plunge of
nearly 500 meters. The length of the ore shoot in a horizontal direction
was, as a maximum, 370 meters but was not consistently of this length. Ore
shoots of much smaller horizontal dimensions (45 meters) were common, and
these usually were separated by twice this distance of poorly mineralized
vein. Smaller patches of ore have been found, developed around even
smaller volumes of open space, and such also have been mined.

The total lengths of the various veins ranged between a few hundred
and over 2000 meters with all of them being contained in faults.

MacKay reports that the faulting and fracturing in the mine was
studied in great detail by geologists of Siamese Tin and Rio Tinto, and
he gives their findings as follows in their order of occurrence:

intense shearing, which locally converted bands of graywacke
to a soft shale-1ike rock;

(2) 1low-angle faults (probably slightly later and minor relatives
of the major thrust fault) may have displaced item (1)
shearing;

(3) barren quartz veins, in numerous places showing no movement
but in others displacing the bands of intense shearing (1);

(4) steep faults with both vertical and horizontal components of
movement that usually were of small magnitude;

(5) mineralized veins, most of which, or perhaps all, had
considerable movement in the planes of the veins; and

(6) post-mineral faulting.
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Although these six items of tectonic movement 1isted above are given in
a definite order, it appears probable (MacKay, 1959) that they generally are
not neatly separated in time but two, or sometimes three, of them were con-
temporaneous in some portions of the various mines.

A considerable quantity of igneous material (microdiorite or micro-
granodiorite) as dikes intrudes the district; these dikes are Caledonian in
age. Near the mineralized veins, the dike material is altered, and these
dike rocks are locally found as components of the vein breccia.

In addition to the micro-rocks, dikes of monchiquite trend northwest-
southeast and outcrop to the east of Leadhills. Further, a member of the
Tertiary Mull dike system cuts across the northeast corner of the mineralized
district. What relationship (probably none) that these dikes have to the
process in mineralization is unknown.

Subsequent to the Caledonian folding and faulting, the intersecting
joint system was imposed on the area; the acute bisectrix of the joint system
is north-northwest-south-southeast; this is the principal discordant feature
in the mineralized area and probably was caused by a north-northwest-south-
southeast compression. (Temple, 1959). The presence of Caledonian dike
material in north-northwest fractures indicates that these structures that
received the dike material were produced by the Caledonian orogeny. Although
Temple holds that the northwest-southeast Caledonian compression would have
developed the north-northwest-striking tear faults, the joints that inter-
sect them can only have been formed by a change in the Caledonian stress
from northwest-southeast to north-northwest-south-southeast. He thinks that
further change toward a north-south stress would have produced a left-handed
movement on those joints that trended most nearly north-south. The effect of
such movement on the veins formed by the intersecting joints would have been
the production of open space on the more northwest portions of the veins,
such formation of open space being more pronounced in the graywackes (compe-
tent) than in the black shales (incompetent) and the cherts (splintery).
This development of open space by left-handed movement provided the loci
for mineral deposition; galena is concentrated in the more northwest-trending
portions of the veins for this reason,

Such later movement occurred along these fractures prior to the intro-
duction of the minerals of the deposits and before the Hercynian dikes were
emplaced. Temple believes that these various movements occurred over so
long a period of time that the mineralization must be dated as Hercynian or
Late Paleozoic,

Although the early mineralization in the Leadhills-Wanlockhead veins
does not contain galena and sphalerite, it is widespread and abundant and
consists of pyrite, muscovite, albite, and gold. The quartz is massive and
white and is present as a joint filling material in the graywackes. In the
lead-zinc veins, these early minerals occur as breccia fragments or are
slickensided on the walls of the veins. The broken quartz in many places
contains lead-zinc mineral veins. This gold mineralization certainly is
appreciably earlier than the lead-zinc deposition.

In most of the larger quartz veins of the district, quartz is abundant
and pyrite and muscovite are common; the albite is much more localized,
apparently being present only in the Lowther Hills area where it is associ-
ated with white mica. The only known mining for gold was in a vein out-
cropping in the Long Cleuch and that was carried out in the 16th century.
Alluvial gold, however, is found throughout the district with the most
favored localities being in the Long Cleuch and the Windgate Burn. In the
area of Windgate Burn, the pockets containing the gold bear no geomorphic
relationship to the stream as it exists at present, and these probably were
produced in meanders of a pre-glacial stream.

No gold has been seen in spatial or temporal association with the lead-
zinc mineralization. One quartz vein is known to contain small veinlets of
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galena but no other minerals, ore or gangue, of the lead-zinc ores. -Whether
this galena is genetically related to the quartz or to the main ore mineraliz-
ation is uncertain.

The presence of white mica, which is a diagnostic mineral of the minor
Caledonian intrusive rocks, argues that the gold-quartz mineralization may
have been produced during some phase of the Caledonian orogeny.

The country rock that borders the lead-zinc veins originally was a dark
green graywacke that has been converted to a light gray rock in which pyrite
is a prominent constituent. The pyrite, which generally is euhedral, con-
tains residual fragments of the graywacke and almost certainly was emplaced
by replacement of that rock. In addition to the pyrite, the replacement
process also appears to have introduced the abundant ankerite, also largely
in euhedral form (rhombs). Chlorite is common in the altered graywacke and
occurs in brown crystals or massive green form. Sericite is present only in
small amounts. Temple (1959) interprets the paragenetic sequence as being
pyrite, chlorite, ankerite, and quartz, the last mineral being, of course,
largely deposited in the veins. Just what was added to the graywacke from
the ore fluid to produce these replacement minerals is uncertain; definitely,
much of the material now present was in the original wall rock, but iron at
least has been shifted from the dark chlorite to pyrite and the calcereous
matrix of the graywacke has largely been removed.

0f the ore minerals, galena is the most widespread and occurs as massive
bands mainly deposited in the hanging- and footwalls of the ore shoots formed
in the open parts of the veins. The less abundant, but still important,
sphalerite was deposited at much the same position in the paragenetic sequence
as the galena, that is, after the ankerite and the first generation of iron
sulfide. These two minerals precede the calcite and barite and, in places,
followed these two gangue minerals to produce a second generation of lead and
zinc sulfides. Chalcopyrite, though less abundant than the lead and zinc sul-
fides, is widespread: it is earlier than the lead-zinc minerals but later than
the ankerite and the first generation of iron sulfide. A minor second gener-
ation of chalcopyrite is associated with the second generation of leadand zinc
sulfides. In addition to the early massive pyrite, that mineral is presentin
well-formed crystals that are later than the first generation of barite and
calcite and accompany the second-generation lead and zinc sulfides. Marcasite
is not abundant; it occurs with ankerite, pyrite, chalcopyrite, and quartzand
not with the second generation or pyrite. Rare niccolite and rammelsbergite
are later than the first generation and earlier than the second galena.
Cobaltite is even more rare but probably is paragenetically associated with
the two nickel arsenides. The ankerite contains various proportions of Mg,
Fe, Mn, and Ca ions. Calcite is abundant in connection with all primary vein
minerals, being both earlier and later than barite. Rare, but primary, min-
erals in the ore include plumbocalcite (maximum of PbCO; ranges from 9.5% to
26.0%), aragonite, and witherite. Quartz is the last mineral to have formed.

Temple is puzzled by the repetition of the sulfide sequence for the
second time. He prefers to explain this by assuming that the later replace-
ment reactions, the replacement of the sulfides by non-metallic gangue
minerals, freed enough of the constituents of the sulfides that the solutions
that accomplished these replacements eventually were so concentrated in lead
and zinc and sulfide ions that these sulfides began again to precipitate.
When the sulfides of this second generation were deposited, again largely by
replacement, the metasomatic reactions transferred enough calcium and
carbonate jons to the ore fluid to permit the somewhat later development of
a second generation of calcite. The first generation of barite, however,
appears to have been insoluble enough that it was unaffected by the replacing
reactions that emplaced the second generation of sulfides.

I do not understand why Temple says that "the greatest replacement was
effected by the last mineral in the paragenetic sequence, quartz". He goes
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on to say that "the late introduction of quartz is considered to have been
the main factor in the formation of the second generation of sulphides"”.

How the deposition of quartz, which may have been emplaced by the replacement
of the ore sulfides, can have aided in the formation of the second generation
sulfides when these sulfides had been emplaced before the deposition of
quartz began is not clear. Whatever sulfide material was removed when quartz
was metasomatically emplaced, it does not appear to have left any trace be-
hend inthe higher levels reached by the ore fluids unless, of course, the
sulfide material so removed from the solid state was deposited at elevations
above the present level of erosion. Yet, if this is the reason for the lack
of a third generation of sulfides, Temple can only guess that such had been
formed during the mineralization cycle and cannot say that the late intro-
duction of quartz was a main factor in the formation of the second generation
of ore sulfides. He surmounts this problem by suggesting that the ions of
the replaced minerals moved upward faster than the silica of the quartz and,
therefore, were, on the upper levels, deposited before the slower moving
quartz - rather an unlikely explanation. Nor does he show this in his
paragenetic diagram.

Secondary processes have affected the upper parts of the veins. Most
of the common oxidized minerals of lead and zinc and several of those of
copper are known here, but a considerable number of rare and unusual ones
are known. These include leadhillite, lanarkite, susannite, and caledonite,
all of which are sulfates of lead or of lead and copper. Vanadinite and
Jjamesonite also have been reported from the district as have pyromorphite,
plumbogummite, cotunnite, lead hydroxyapatite, beudantite, and phoenicochro-
ite. Copper minerals due to secondary enrichment are covellite and chal-
cocite. These two sulfides are paragenetically earlier than the first of
the oxidized minerals of lead, anglesite; this was followed by cerussite or
hydrocerussite. Most of the additional oxidized minerals of lead were
derived from the replacement of cerussite and were pyromorphite and poly-
spharite (Ca-rich pyromorphite); the end stages of the paragenesis are in
places vanadinite and the desclosite group. Another sequence of oxidized
minerals stemming from cerussite, but less common than that just given, was
leadhillite [Pb,(S04)(C0O3),(0H),] and lanarkite [Pb,(S0,)0]. Where mixed
galena-chalcopyrite ore was oxidized, the first mineral, anglesite, may have
been directly replaced by caledonite [PbsCu,(S0,)3(CO3)(0H)g] and linarite
[PbCu(SO,)(OH),]. Other minerals also included in this paragenesis derived
from lead-copper ore were, after cerussite, malachite-linarite, leadhillite-
caledonite, hydrocerussite-malachite and caledonite-anglesite. The most
common arrangement of alteration minerals, however, is anglesite-cerussite,
followed by pyromorphite [Pbs(Pb,)3C1] or by leadhillite-lanarkite.

Where chalcopyrite is present in considerable masses, it normally is
replaced by chalcocite and then by goethite. Malachite may follow goethite,
then come brochantite, linarite, and cerussite. Only three oxidized zinc
minerals are known in the district - hemimorphite, aurichalcite, and hydro-
zincite. Greenockite is locally present on sphalerite. In places, the
oxidized zone extends nearly 400 meters below the surfacce. This depth is
not related to the present water table; it probably related to one that
existed when the relief was greater and the water table lower.

Temple considers that, if the ores in the Leadhills-Wanlockhead district
were deposited from solutions derived from magmatic activity, they cannot
have been related to any of the Caledonian orogeny but must be discussed in
relation to activity of Hercynian time. The only Hercynian igneous activity
associated with an orogenic belt in the British Isles is that in the south-
west of England, particularly Devon and Cornwall. In the remainder of the
country, the non-orogenic part during Hercynian time, alkaline and calc-
alkaline volcanic types predominate. Temple thinks that his evidence
indicates that the mineralization in the Leadhills-Wanlockhead district was
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later than both thealkaline and calc-alkaline suites of the Hercynian volcanic
association. Certainly, itis unlikely that the mineralization canbe thought
to have accompanied Tertiary volcanicactivity as the igneous rocks (in thebroad
sense) of that time are notably poor in associated ore deposits. Temple
argues that, if these deposits were produced concomitantly with igneous activ-
ity associated with the Hercynian orogeny, the ore fluids must have been de-
rived from high in the tholeiitic layer or from the granite crust. He be-
lieves that the elements contained in the Leadhills-Wanlockhead ore indicate
a magmatic source for the ore fluids must have been developed in a locus in-
cluding the top of the tholeiitic layer and the bottom of the granite crust.

The lateral and vertical zoning of the ores and their essential confine-
ment to the vein structures indicate that the ore fluids derived frommagmatic
centers and not from meteoric fluids that were heated at depth and rose
through, and scavenged from, the sedimentary rocks of the district. The more
or less metamorphosed sedimentary sequence in the district does not appear to
have contained sufficient zinc and lead, particularly lead, to have provided
enough of the ore metals to the ore fluids to have permitted the development
of the ore shoots in the veins of the district.

The Leadhills-Wanlockhead deposits are not typical of Mississippi-Valley-
type deposits as are those of the Penninesand the MendipHills and are closer
in character to the deposits of the Lake Country. The presence of rather con-
siderable amounts of silver in the ores appears to put them above the tele-
thermal range as the solution of silver in galena depends on the temperature
being above that of the inversion of argentite to acanthite. The structureof
argentite permits its ready acceptance in galena; the much different structure
of acanthite does not. As this inversion temperature is approximately 173°C,
the deposition of the galena above, or appreciably above, this temperature
puts these deposits out of the Mississippi-Valley class. On the contrary, the
lack of any exsolution textures in chalcopyrite and sphalerite indicates that
these minerals were not formed in the hypothermal range. The only sulfosalt
reported is rare jamesonite, so the leptothermal range is not certainly to be
included in the classification of the deposits. Nevertheless, it seemsbetter
to include it in the categorization of the Leadhills-Wanlockhead ores, and
they are here characterized as Mesothermal to Leptothermal.
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Notes

Mining in the lead-zinc region of Mid-Wales may have begun in pre-Roman
times, although the evidence for this is not completely convincing. Certainly,
gold was sought and found by the Romans during their occupation of Britain.
After, at best, scattered instances of mining over about 800 years, work of
some importance was carried out sporadically from the 12th century until
about the middle of the 19th when operations in Mid-Wales reached a peak that
extended between 1840 and 1880. Between 1840 and 1920, some 10 to 12 per
cent of the lead and zinc produced in Britain came from the ore deposits of
Mid-Wales. The greatest lead production was in the 1840 to 1880 period when
the annual production of lead concentrates ran between 8100 and 16,250 tons;
for zinc concentrates annual production between 1870 and 1908 was between
2000 and 5100 tons. Total production after 1845 (when official records began
to be kept) was 510,000 tons of lead concentrates, which contained at least
110,000 kilograms of silver, and over 150,000 tons of zinc concentrates. In
addition, some 7000 tons of copper concentrates, about 2350 troy ounces of
gold (73.1 kilograms), 4100 tons of pyrite, and 4400 tons of barium minerals
were recovered. Cadmium was present in the sphalerite, antimony in the
galena, and silver in the sphalerite, but none of these appears to have been
recovered in refining or, if they were, to have been credited to the mining
companies. In this area, about 275 mines are known to have been in operation
at one time or another, but only 50 of these provided 95 per cent of the
total output. Most mines were closed by 1920, and the last did so in 1942
(E11is, in Dunham and others, 1978).

A1l of the ore (except gold ore) was mined from lodes in the various
vein systems with the only real exception being in the Van mine, east of the
Cylwedog Dome, where flats, associated with the veins, also were worked.

The gold that was mined, however, came from only one mine, the Oogofau {or
Roman Deep), where it was recovered in part from quartz veins and in part
from gold-bearing pyrite impregnated into wall-rock shales. The system of
lead-zinc veins was best developed on and around the Plynlimon and Cylwedog
domes with the veins on the western limbs of these anticlines being
appreciably better mineralized than those on the east. Where the strike of
a lode-vein was deflected as it crossed from one 1imb to the other of an
anticline, ore shoots on the one side were of higher grade than on the other.
Ore shoots containing galena and sphalerite are most common in the portions
of the Van, Frongoch, and Cwmystwyth formations where they consist of inter-
bedded sandstones and siltstones (turbidites).

The ore are localized on east-northeast-trending normal faults and
breccia zones that cut across the Caledonian folds that have a north-north-
east regional strike.
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Most of the outcrops in the district are of Silurian beds, but the
Ordovician Van formation occurs as inliers in the centers of the principal
domes or anticlines. The stratigraphy (modified by Nutt, 1978, after Jones,
1922) is as follows:

Silurian (top to bottom)

Cwmystwyth formation, 1000 meters of alternating
sandstones and mudstones
Upper Llandovery*
Frongoch formation, 910 meters of alternating
sandstones and mudstones between pale mudstones,
and all topped by dark pyritic mudstones

Lower Llandovery Gwestyn formation, 76 meters of dark, pyritic mudstones
Ordovician

Ashgill Van formation, 1050 meters of pale mudstones above
alternations of sandstones and mudstones

* the lowest Frongoch and uppermost Gwestyn are middle Llandovery

The north-northeast-trending folds in these rocks produced many periclinal
structures that (paradoxically) are stated to be elongated along the north-
northeast trend. These structures do not persist along strike but are
arranged in an en echelon fashion to each other. Although reverse faults
follow the trends of the prominent fold structures, the east-northeast-
striking normal faults are the economically most important fractures in the
district, and these cut obliquely across the folds. Folds and faults both
almost certainly resulted from Caledonian earth movements (Raybould, 1974).

The east-northeast-trending normal faults range in length from one to
ten kilometers (or even more) and are downthrown by as much as 200 meters.
Most of them are on the flanks of the Plynlimon Dome with the major ones on
its west flank. Important deposits, however, were developed on fractures
crossing domes in Montgomeryshire to the east and on the Llynfnant Dome to
the northwest. On the slopes of the Plynlimon Dome, the larger faults are
varied in structure, relationships that appear to have resulted from the
interaction of the fracture-making stresses with the varied folded rocks of
the dome. Three major lode-vein systems on this dome (Camdwr North, Dylife,
and Castell, south) change from being normal faults with large displacements
and flattish dips to vertical breccia zones with essentially no displacement.
Phillips (1972) believes that these differences in the veins were effected
by a gradual lessening of differential stress as the fractures were extended,
the greatest initial stress having been centrally located and gradually
diminished as the fractures were lengthened to the west and east. Raybould
thinks that these breccia zones are the upper edges of fault planes that are
more extensive and somewhat flatter at depth; he says these are typical of
terminal breccia zones.

In ore bodies that were emplaced in the fracture zones, the ore lodes
became larger and more frequent the farther they were followed from the cen-
ters of the fractures outward. Rich pockets of ore were found where branch-
ing and deflection of the ore-containing veins occurred and where the lodes
encountered the anticlinal axes. The upper surface of the Gwestyn mudstone
was, in many veins, also the base of the ore lodes, suggesting that both
stratigraphy and structure controlled the localization of the ore lodes.

The following discussion of the minerals of the Mid-Wales deposits is
paraphrased and summarized from Raybould (1974).

The primary minerals in the Mid-Wales veins are: chalcopyrite, sphaler-
ite, galena, pyrite, marcasite, arsenopyrite, cobaltite [CoAsS], quartz, and
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ankerite. The most common secondary minerals are hydrozincite [Zns(C03),-
(OH)g]» gypsum, and limonite [mainly goethite]. Uncommon to rare secondary
minerals are: smithsonite, hemimorphite [Zn,Si,07(0H),+2H,0], cerussite, and
covellite.

The chalcopyrite is present in one millimeter to five millimeters
disseminated blebs in both quartz and ankerite. Only seldom is it found in
larger amounts or sizes in veins or in breccias. These small bodies of
chalcopyrite either have their shapes governed by the earlier-crystallized
minerals with which they are in contact or they grew out into cavities in
quartz or ankerite, and there show simple tetrahedral crystal faces. Most
chalcopyrite is developed with, or as exsolution blebs in, sphalerite;
lamellae of chalcopyrite are present along cleavage planes and sphalerite-
grain boundaries. Such relationships of chalcopyrite to sphalerite occur
only where chalcopyrite is abundant. If galena is an abundant mineral,
chalcopyrite can be dispersed as spots in the galena. The detection of some
slightly deformed lamellae of chalcopyrite indicates that minor tectonic
deformation took place after chalcopyrite deposition.

Sphalerite is to be found in larger or smaller amounts in all the ore
lodes; in open space, it developes into large aggregates of crystals and may
form layers of several centimeters in thickness, thereby producing cockade
or other radial growths. Many of the ore breccias are cemented by sphalerite,
and, if the distance between breccia fragments is large enough, radial
growths also are normally dominant. In veins, sphalerite and quartz usually
form alternating layers or, less commonly, a crystallized mix of the two
minerals. In breccias, sphalerite and quartz are closely intergrown but
locally may have a crude layered relationship where they surround rock
fragments. In some veins and breccias, the mixture of quartz and sphalerite
is so fine-grained that the individual minerals apparently cannot be recog-
nized and the mix has a muddy brown color. The sulfide most commonly
accompanying sphalerite is galena; the two minerals are precipitated in
alternate layers that range from a few millimeters to several centimeters in
thickness. This arrangement normally occurs in veins, but around breccia
fragments a poorly defined layering may occur. The general sphalerite-
galena form in breccias is an intimately intergrown mixture. In at least one
place (Dylife mine), sphalerite is disseminated in the wall rock adjacent
to the vein; whether the introduction of the sphalerite was by solid-state
replacement or by the actual penetration of the wall rock by the ore-forming
fluid is uncertain. Normally, the sphalerite is brown, but rarely it can be
yellowish brown. Slight color differences in the sphalerite have been inter-
preted by Raybould as indicating distinct sphalerite generations; it is
certain that color zoning is common. Some deformation of sphalerite, as
is true of chalcopyrite, indicates that some minor movement took place after
the mineralization.

Galena shows much the same relationships to quartz and ankerite as does
sphalerite but does occur as much larger (cleavable) bodies and as intimate
mixtures with chalcopyrite and sphalerite. Where the galena grows outward
into open space, the crystal form developed is the octahedron, forms that
may be as much as 1.5 centimeters in cross-crystal direction. Galena may be
disseminated in small bodies in quartz and ankerite; galena also fills
cavities left by the crystal growth of the earlier minerals. As chalcopy-
rite is not, the galena may be present in the gangue minerals as idiomorphic
crystals, and large masses of galena are present in vugs in the veins.
Breccia fillings contain smaller crystal aggregates and smaller dissemin-
ations of galena than those in the vugs. Continuously layered galena is
present in veins and around breccia fragments, but it is less well developed
in this form than is sphalerite; galena rarely forms radial growths that are
so common in sphalerite. Raybould considers that the three-point contacts
of galena grain boundaries might indicate that the lead sulfide have been

RAB-F
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recrystallized as a result of post-depositional deformation. He points out,
however, that even well crystallized and excellently cleaved galena shows
this three-point texture; since this texture in the undeformed galena could
not be due to tectonic effects, it probably was not caused by deformation in
any case. There is, however, a foliated type of galena that Raybould says is
found in or near places in which deformational movement took place, and such
movement is emphasized by elongated fragments of pyrite and small inclusions
of arsenopyrite oriented in the same direction as the foliation, so some
post-deformational movement must have occurred, the galena moving by flowage
and the fragments of the more brittle minerals being carried along with it.

Pyrite is present in the wall rocks and the breccia fragments as
framboids; these shapes are small. Raybould considers that the framboids
were formed at the beginning of the main vein mineralization. In the veins,
pyrite developed as small crystal aggregates (not more than two centimeters
across) but much more importantly as separate cubic crystals, confined
largely to the early quartz layer that lies on most rock surfaces; these
crystals are seldom larger than 0.02 centimeters across. Almost certainly,
pyrite was the first sulfide to deposit.

Marcasite, which Raybould does not put in his paragenetic diagram, is
present in appreciable amounts only in a few places, but locally it is
abundant enough to make it impossibly difficult to concentrate the ore. The
tiny, tabular crystals of marcasite were late deposits on the surfaces of
breccia fragments and line the cavities in the breccias in what Raybould
considers "the manner of a supergene deposit". Its presence, in a few
places, as small veinlets that cut across the earlier minerals, indicates,
however, that it was a primary mineral and probably the last of the main
sequence of sulfides to be precipated.

Arsenopyrite, found only in microscopic amounts in the veins, is in
tiny grains in galena in many places, including the foliated variety of
galena where inclusions of FeAsS are elongated parallel to the foliation.

In places, crystals, up to 0.6 millimeters across, are in some cavities in
quartz, in association with chalcopyrite and galena.

Cobaltite, in a few small, idiomorphic crystals, is present in arseno-
pyrite. These two minerals were unknown in Mid-Wales prior to Raybould's
work .

Quartz is ever-present in the ore, constituting the major gangue
mineral; ankerite is found in abundance only in a few places. The initial
layer, present on vein walls and rock fragments almost everywhere, is a thin
layer of quartz in a crude comb structure. This relationship obtains even
where ankerite is abundant. Quartz deposition continued throughout the
mineralization process; that of ankerite did not. The quartz deposited after
the initial layer either forms alternating layers with the sulfides or is
mixed thoroughly with them. Where quartz is in veins, it is clear or iron-
stained, and the crystals in vugs may be as much as several centimenters
long. Breccia quartz may be as vug crystals, but it mainly is white and
less well crystallized.

Ankerite always has rhombic shapes and is pink or pale brown, though it
becomes dark with weathering. This carbonate forms a large percentage of the
gangue only in a few places, but in others it is localized in specific
portions of the ore lode and is not widely and sparsely distributed in it.
Locally the carbonate may be calcite or dolomite, but such instances are far
from common.

The crustification of the minerals in the veins of the Mid-Wales
deposits provides an excellent set of clues as to the order in which they
were deposited. In interpreting these relationships, Raybould has found that
quartz 1is ubiquitous and involved in every possible arrangement with the
other gangue and ore minerals. It is, therefore, shown in his paragenetic
diagram as having begun its deposition at the same time as the pyrite and
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having continued to precipitate until it, and the galena, stopped depositing
at the same time. Ankerite, on the contrary, is an early mineral, beginning
to deposit at the same time as pyrite finished its precipitation; this
follows because, in the majority of breccia fragments, ankerite veins were

in those fragments before they were broken off. Ankerite deposition continued
for a short time after the (early?) brecciation had stopped but continued
only through part of the chalcopyrite cycle and ceased just as sphalerite
began to precipitate. The very minor amounts of arsenopyrite (and cobaltite
associated with it) began to come down on a small scale almost as soon as

the sphalerite started and endured through the sphalerite cycle and on into
the term of galena deposition. Arsenopyrite still was precipitating after
sphalerite had ended doing so but, in turn, ceased before galena stopped.
Galena began deposition about half-way through the sphalerite cycle.
Marcasite appears, from what he says, not to have begun until all other
sulfides had ceased depositing. It must be emphasized, from the relations

of the ore and gangue minerals to each other in the vugs particularly, that
the cycle of mineralization was repeated once or more often than that is
certain from the numerous layers of alternate quartz and the various sulfides,
particularly sphalerite. Any explanation of the chemistry of Mid-Wales
sulfides ore must account for such reversals.

The scheme outlined in Raybould's paragenetic diagram is that which pre-
vails in many of the ore shoots. In many other places, however, more than
one stage of brecciation occurred and appreciable cross-cutting of earlier
minerals by later took place. In some places in the mines, galena began to
precipitate before sphalerite. This and similar events fit into Raybould's
concept of lateral zoning even though Williams questions some of his con-
clusions in his written discussion (p. B68-B69) but Williams depends on old
production tonnages, many of which were compiled in the days when sphalerite
was essentially a valueless gangue mineral. Thus, despite Williams' comments,
Raybould considers that the Camdwr lode shows a significant lateral zoning.
At a mine on the eastern end of this lode, the relative abundance of the ore
sulfides was: sphalerite, chalcopyrite, and galena in decreasing order. In
ore bodies farther west on this lode, sphalerite became less common, and,
at a mine on the western end of the vein system, the ores were composed
almost entirely of galena. Raybould also reports that the same relationships
obtain on the Castell lode, but he admits that, in the Dylife lode, on the
eastern side of the Plynlimon dome, the zonation pattern is much harder to
define, but he believes that galena proportionally decreases toward the west,
that is toward the central part of the dome. This lode begins in the north
central part of the Plynlimon Dome and continues northeast for some nine
kilometers to end at the Dylife mine. At the northeastern end, both
sphaleriteand galena are abundant, and as the lode is followed to the west,
galena is proportionally reduced, as Raybould's general rule would suggest.
He cites a few other less clear examples, but all seem to indicate that his
rule is essentially correct.

In short, it appears probable that deposition of sulfides usually began
at the eastern ends of the lodes with chalcopyrite being the first mineral
to be deposited, followed by sphalerite, and finally be galena. Only when
the proportion of galena (no matter how it was carried in the ore fluids)
was high enough did galena change places with the other two sulfides in the
order of depositon. If, as Raybould speculates, the metals of the sulfides
were carried in bisulfide complexes, the following three equations will
show how deposition could have been achieved.
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(1) Fe*2 + Cu(HS,)~1 + H*! = FeCuS, + H,S
(2) Zn(HS;)-! + H*l = ZnS + H,S
(3) Pb(HS,)=1 + H+l = PbS + H,S

The normal order of precipitation (FeCuS,, ZnS, PbS) in the Mid-Wales
district (as in so many other lead-zinc districts in the world) probably de-
pended on the relative stability of these bisulfide complexes. This normal
order, then, is explainable by assuming that the lead-bisulfide complex is
the most stable, the copper-bisulfide the least stable, and the zinc-
bisulfide complex intermediate between the other two. If galena, because of
a locally increased abundance, relative to the other two complexes, was the
first sulfide to deposit, what was the reason? Almost certainly each
additional increment of lead-bisulfide complex, over -that present in the
usual composition of the district's ore fluid, would add additional PbS to
that required to maintain equilibrium in equation (3) above. If sufficient
of these increments were added, relative to those of ZnS (the amount of
which had already been reduced by appreciable precipitation of sphalerite),
so little ZnS would be in solution (as such) as to allow the precipitation of
sphalerite to cease while that of galena would -be made possible. Continue
this precipitation of galena long enough (at the same time adding, thereby,
to the abundance of the zinc-bisulfide complex relative to that of lead),
and galena would stop precipitating and sphalerite would begin again. Given
a low enough rate of upward and/or outward progress of the ore fluid past a
given point, this alternation of these two minerals could be repeated as
long as the solutions contained appreciable amounts of both complexes. The
rate of complex dissociation would not have to be changed, only the relative
abundances of the two, if alternations in precipitation were to be effected
through mass-action. The lack of the participation of chalcopyrite in these
alternations is an expression, not of changes in stability of the copper-
bisulfide complex, but rather that it was so much the least stable of the
three complexes, that the bulk of it was deposited when precipitation began
and never was built up sufficiently to allow its deposition to begin again.

In addition to the time-dependence of mineral zoning, late galena being
farthest from the apparent entry points of the ore fluids into the various
vein systems and the early chalcopyrite the nearest, Raybould also believes
that mineralization is structure-dependent. He thinks that the greater the
dip of the lodes and the less the displacement on them (as is true of the
western parts of the veins), the greater the proportion of galena. The
possibility exists, however, that late galena normally deposited farthest of
the ore minerals from the eastern ends of the vein structures (and presumed
entry points of the ore fluids). Granted this entry relationship is
correctly stated and that normally the lead-bisulfide complex is the most
stable of the three in question, it would be expected that lead sulfide
would be most abundantly deposited in the western portions of the vein system
systems no matter what the structure there, as long as the ore solutions had
a reasonably clear channel to reach them.

Because of the long time since the Mid-Wales mines have been closed,
Raybould did not have much opportunity to study the ores underground. He is,
nevertheless, of the opinion that the deposits do show a vertical as well as
a horizontal zoning. He is able to give a few examples. One of these is
from a mine on the Castell lode where, at the level of the lowest adit, the
ore consists mainly of sphalerite, but, at the surface, sphalerite is
associated with galena. In another example, taken from Jones (1922), a
clear description was given of the change from sphalerite at depth to
galena toward the surface with chalcopyrite also being on the lowest levels.
Although it is probable that these two examples are typical of what would
have been found in all, or nearly all, the mines, it is too late in the
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history of the district for this concept of vertical zoning to be more than
that.

Raybould's paper was published not long after his faculty supervisor
(W.J. Phillips) had published his suggestion (1972) that hydrothermal fluids
might produce breccias of three types, namely: (1) hydraulic breccias in
which rock fragments are highly angular but are divided each from its
neighbor by only narrow distances; (2) (at the other extreme) intrusion
breccias in which the fragments are much separated, completely disoriented,
and, in many places, rounded by abrasion; and (3) (and intermediate between
the other two) breccias with considerably separated but angular fragments.
Phillips has argued that, in many ore veins, the same breccias characterize
the sequence from vein center to vein walls with the matrix-fragment ratio
decreasing from the vein center to the walls as it would do along the vein
length.

The lack of breccias of type (2) (intrusion breccias in which the frag-
ments are widely separated and completely disoriented, and, in many places,
rounded by abrasion) indicates that the formation of breccias in the Mid-
Wales veins went only through type (3), the fragments never having been
sufficiently agitated to be well rounded. In all Mid-Wales breccias, the
fragments are separated by considerable distances, and the minerals deposited
around them tend to show radial growth. These minerals are particularly
quartz and sphalerite, and, in many places, the fragments are completely
ringed by such radially arranged minerals. Further, the widely separated
positions of the fragments could have been maintained while the matrix
material (radial or otherwise) was deposited around them only if they were
in some manner held in place, out of contact with each other, so rounding
could not take place. There is no evidence that these fragments (before the
cementing matrix was sufficiently deposited) were supported by anything but
water. Granted that this is true, the water must have been moved upward by
tremendous force if the fragments were to be kept from settling to the
bottom of the chamber in which they had been developed. Still further, this
upward moving water could not have been highly turbulent or rounding would
surely have taken place, but it must have moved upward with such force that
a large proportion of the fragments produced by the initial explosive action
must have been moved out of the breccia zones, probably having been thrown
out on the earth's surface. If this were not done, the widely separated
character of the fragments could not have been achieved.

In zones of lower solution velocity (away from the center of upward
moving water), the force appiied would have been great enough only slightly
to separate the fragments, one from the others; in fact, they would have
remained close enough to each other to have provided mutual support after
only slight relative movement. A major result of these differences in
relative fragment movement would have been an outward decrease (along the
length of the vein) in the matrix-fragment ratio. Raybould believes that
his concept of rapid crystallization of the breccia matrix is upheld by the
fine-grained texture of the quartz layers around the fragments and by the
disordered and fine-grained intergrowths of galena and sphalerite that
normally form the matrix of this type of breccia.

Many of the breccia fragments show evidence of rebrecciation; second-
stage fragments may be angular and completely surrounded by matrix material,
yet, within these fragments are textures that clearly show that they were
once part of a mass produced in the first cycle of brecciation. As many as
four stages of brecciation have been recognized by Raybould; this suggests,
since the fragments of all stages appear to have been supported by no mater-
ial more dense than water, that the force be