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The market evaluation must prove that market
potential exists and suggest a plan of action based on
a strategy. The market evaluation does not sell a
product, it simply shows that sales potential exists
(DuCharme, 1967). Effective marketing is an ongoing
process, with the initial plan derived from the market
evaluation modified over time based on wide and con-
tinuous input to avoid tunnel vision (Fallon, 1983a).

Telephone Surveys

Telephone or personal interviews are the primary
means of developing focused data in most IM studies.
Advantages (Hisrich, 1990) are: (1) questions can be
adapted; (2) some response is almost always gained,
contrasted to mail, fax, and e-mail; (3) misunderstand-
ings are immediately eliminated; (4) respondent reac-
tions are available; (5) more accurate and in-depth data
commonly are gained; (6) some verification of data can
be attained by observation and additional questioning;
and (7) the interviewer learns throughout so the proc-
ess can be fine-tuned while in progress. Limitations
are: (1) interviewer bias, (2) leading questions, (3) de-
sire of respondent to please interviewer, (4) data re-
cording errors, (5) using data from uninformed but lo-
quacious respondents, (6) difficulty in keeping respon-
dent interested during difficult questions or rankings,
and (7) high cost.

A sample interview form is shown in Appendix 2. It
is important that the tougher questions be placed last,
in order to get as much data as possible before an
abrupt end to the conversation. The most difficult to
obtain is price. Most firms are reluctant to discuss price
during initial conversations, although there are occa-
sional exceptions.

A market evaluation generally boils down to formu-
lating the right questions to ask of the right person
(McVey, 1976). The person responsible for purchasing
IM products will have many possible titles, depending
on the company. These might be a purchasing manager
or agent, purchasing manager for raw materials, raw-
materials buyer, corporate buyer, and others. Some
companies purchase IMs from a raw-material distribu-
tor rather than buying from a producer. It is very ben-
eficial also to interview distributors because they in-
form you about the sources—both from whom they buy
from and to whom they sell. After making contact with
the person responsible for purchasing IMs, identify
yourself and explain the purpose of the interview. The
majority of people interviewed are cooperative. As pro-
fessionals, they are interested in alternate sources of
supply. However, a telephone survey may require a few
calls to make contact (messages are infrequently an-
swered). Persistence is commonly a key trait when con-
ducting surveys.

One very good question to ask is, “What could be the
market for this specific IM?” while thinking for yourself
without recourse to gossip, rumors, promoters, develop-
ers, or (at times) experts (Fallon, 1983a). Key questions
involve the inclination of a consumer to consider new or
alternative sources or products and what they are now
paying (at least approximately).
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PART II: IM-MARKET DEVELOPMENT USING
THE “MARKETING CONCEPT”

Some IM geologists occasionally move into market-
ing, but all should understand the basic principles and
goals of the marketing effort. To be effective in market-
ing, a geologist needs to understand many aspects of
the IMs: (1) location (deposits, plants, and consumers);
(2) processing (specifications); (3) transportation (truck,
rail, barge, and ship); (4) competition (local, regional,
national, and international); (5) substitutes and new
developments; and (6) market forces of all kinds. Some
of the needed skills are not taught formally to geolo-
gists; thus, self-education and on-the-job training are
the way geologists normally enter into IM marketing.
An outline of a marketing organization is presented in
Appendix 3. The following brief overview of market
development via the “marketing concept” is based
heavily on Hisrich (1990), Webster (1991), Peter (1992),
Chisnall (1995), and De Bonis and Peterson (1997).
Marketing in general and aggregates in particular are
detailed in Smith (1991). Sandhusen (1997) is the main
source of the international IM marketing discussion.

IM marketing is best examined as industrial, busi-
ness, or supplier marketing (called marketing hereaf-
ter), rather than consumer marketing. Marketing has
been defined in many ways, both simple and complex.
For our purposes, the following definition is useful:
marketing is the process by which an organization pro-
duces and distributes industrial minerals, rocks and
materials, or services (hereafter collectively called IMs)
priced to satisfy target consumers and to yield a desired
profit in a continually evolving environment. As with
any definition of a complex issue, this definition leaves
out considerable detail. Seven general aspects are ap-
parent from this definition. These are: (1) the market-
ing process occurs over time (strategic or middle-to-long
term); (2) production (exploration, mining, and process-
ing); (3) delivery (logistics and transportation); (4) prod-
ucts (new or existing materials or services, research,
and promotion); (5) correct pricing, timing, and specifi-
cations (end-user satisfaction); (6) profit (producer sat-
isfaction); and (7) constant change (modern economic
conditions). Thus, marketing is the whole business as
viewed by the consumer (Webster, 1991). The heart of
the marketing concept is the satisfaction of the target
consumer. Attainment of this satisfaction is the single
most important factor governing the strategy and di-
rection of many modern firms.

Industrial organizations are being forced to adopt a
consumer focus and become market driven using a
long-range strategic emphasis involving all levels of the
firm. This focus, called the “marketing concept,” was
originally popular in the 1950s and has seen resur-
gence since the mid-1980s in response to competitive
pressures and rapid change. It is similar in many ways
to the move to total quality management (TQM) and
ISO 9000 (Holmes, 1996) in the 1990s. Managing for
profit, not just market share and sales volume, de-
mands careful market segmentation, by end-use or
products (Fallon, 1983a), and targeting in consumer
focus. Consumers feel many of the same pressures in
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their business, so they are changing in similar ways.
Sales are the residue of marketing strategy. Profit is
the reward from a satisfied consumer.

Industrial marketing is the exchange of goods (tan-
gible products) and services (intangible products) with
industrial, institutional, and governmental consumers.
The distinguishing feature of industrial marketing is
the consumer’s use of purchased goods and services in
production of their own goods and services. If this con-
sumer sells to another, who will use the purchased
goods and services in production of their own goods and
services, a series of value-added steps occurs. Given
that all industrial concerns depend on other industrial
concerns for goods and services, the chain is virtually
endless. These chains lead to a high degree of buyer/
seller interdependence after the sale. These industrial-
marketing transaction chains are estimated to be at
least twice the dollar value of consumer purchases.

Industrial consumers are generally relatively few in
number for any given supplier so the value of each sale
is larger. Industrial buying is a complex process by
many people interacting in a formal organization. This
buying may take a long time and be more highly struc-
tured (rational) although an emotional element still
exists. Demand for IM products generally is derived
from the demand for consumer products or services. To
further complicate matters for the producer, they need
to understand their own business, their consumer’s
business (Fallon, 1984), and their consumer’s con-
sumer’s business, not to mention your and their com-
petitor’s business (Farr, 1981). This is why a long-term
approach generally succeeds and a short-term one gen-
erally fails. The marketing concept as applied to indus-
trial marketing is actually closer and more involved
with the consumer than is consumer marketing, con-
trary to what these titles imply.

Unlike consumer marketing, where useful changes
can be made in the marketing department alone, in-
dustrial marketing generally involves substantive com-
pany-wide changes involving many layers of manage-
ment. These changes may involve capital outlays (new
mine, mill, or equipment) or changes in engineering,
research, or other major processes. This interdepen-
dence between functional groups in a market-oriented
IM firm must be recognized and utilized. Interdepen-
dence exists between the producer and its consumers,
who need constant supply and specifications, technical
assistance, and a whole array of other services to han-
dle change in their industry. Use of technical people in
marketing can be very beneficial because they can
more easily solve consumer problems (Anonymous,
1997).

The major barrier to true adherence to the market-
ing concept in a firm is technical product complexity.
Management in these situations is generally from the
engineering or research side, so technical issues may
override consumer needs. A tendency arises to favor
the product more than the consumer. In the worst case,
management tries to change the consumer to fit the
product instead of the needed reverse of fitting the
product to the consumer. The R&D effort commonly is
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focused on one aspect of the company, normally proc-
essing for IM firms, and less so on end-use technology
(Fallon, 1983b). The R&D effort must also be market
oriented and continue through development to selling.
The product in an IM firm should always be regarded
as a variable, not a constant. In fact, the “product” is
not always physical in an IM firm—it is commonly an
array of economic, technical, logistics, service, or per-
sonal relationships between producer and consumer.
IM marketing entails the technical/commercial balanc-
ing of the product line with market requirements
(Fallon, 1981).

Production includes most of the traditional view that
a geologist has of the IM industry. These elements are
basically a reaction to end-user specifications or price
sensitivity and thus can be controlled or altered, com-
monly with considerable geological input, as described
above. A real problem can present itself under the
marketing concept relative to production and process-
ing (standard order versus accommodation order) in
particular (David Holmes, personal communication,
1998). Most IM producers have a standard product line
that processing personnel are oriented toward produc-
ing. Accommodating orders with varying specifications
from customers, while increasing customer satisfaction,
are more costly, less efficient and somewhat disruptive
to processing because it deviates from the standard
product line. At some point, an IM producer must con-
sider an order as a special or custom order for toll proc-
essing and charge accordingly (do a little value-added
processing). The decision commonly is based on such
factors as customer history, size and frequency of ac-
commodation orders, goodwill, and others. The man-
agement of accommodation orders and special orders is
a tricky proposition under the marketing concept.

Distribution, as logistics (Coyle and others, 1992)
and transportation (Barker, 1997), is typically the larg-
est cost involved in the delivered price of an IM prod-
uct. Distribution encompasses logistics channels (re-
tailers, wholesalers, and representatives) and physical
distribution (packaging, inventory, warehousing, and
transportation).

Products are tangible (minerals, rocks, and materi-
als) and intangible (service). Industrial marketing
emphasizes the technical service so common in the IM
industry. Existing products must be promoted (public-
ity, advertising, and selling) and new products devel-
oped (research). Product mix includes quality, assort-
ment, breadth and depth of line, warranty, guarantee,
service, and packaging.

Price involves the consumer, the producer, and com-
petitors in a complex interaction driven primarily by
the consumer. The price is set to keep a consumer while
thwarting competitors and yielding a profit. Profit
must be acceptable while none of the above aspects are
ignored. However, in general, neither lowest price nor
product feature and benefits are enough—both the sup-
plier and consumer must know that the price is more
than justified by the value derived from the product
(Conger, 1995).

The business environment consists of a complex set
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of external factors (Hisrich, 1990) that constantly
evolve while impacting all IM operations and activities
into the future (Murray, 1981). Some typical external
factors include cultural and social, economic and busi-
ness, political and legal, and geological factors. Cul-
tural and social marketing factors include lifestyle,
quality of life, consumerism, ecology, and social respon-
sibility. Economic and business marketing factors in-
clude supply and demand, markets, business cycles,
competition, energy, technology, labor, and infrastruc-
ture. Political and legal marketing factors include regu-
lation, legislation, demographics, trademarks, brands,
packaging, and promotion. Geological marketing fac-
tors include deposit location, distribution, tonnage, and
grade.

OVERVIEW OF INTERNATIONAL
IM MARKETING

Growth in international trade increased from $200
billion in 1975 to $4 trillion in 1995. This very signifi-
cant growth was due largely to relative world peace,
new technology (paradoxically, often related to war),
and international trading agreements (Sandhusen,

1997). Benefits of international trade include exploita-.

tion of comparative advantage, larger markets con-
trasted to only domestic ones, access to more world-
class deposits (McCarl, 1990; Rivington, 1977), leverag-
ing of company strengths over many more consumers,
competitive edge over noninternational competitors,
tax advantages, prolonged product life, and increased
(often greatly) profits.

All the advantages of international marketing are
not gained without difficulties (Farr, 1981). The diffi-
culties in entering foreign markets are political and
legal, economic and demographic, social and cultural,
technological and environmental, and operational
(management and control).

Many approaches and combinations of approaches
exist for entry and growth in risky international mar-
kets. This growth generally follows a cautious staged
approach to minimize risk and cost while maintaining
control and flexibility. Three stages are typical: inter-
national — multinational — global. The international
stage typically emphasizes exports to one or a few coun-
tries (Canada is the most frequent initial choice for
U.S. firms) often using distributors or traders (Oster-
christ, 1977; Sykes, 1992). The multinational stage
emphasizes joint venture and direct ownership in sev-
eral nations. The global phase emphasizes wide-rang-
ing, integrated operations in many nations worldwide.

Some major trends are increased cooperation among
nations (i.e., European Union and NAFTA), freer flow
of technology, growth of emerging nations, concurrent
reductions in differences among nations, and more ag-
gressive industrial policies by governments (perhaps a
subtle reversing of trade agreements).

The move into international markets requires much
of the same information and approaches as domestic
marketing. To be sure, some additional factors are im-
portant—especially risk—but use of the general mar-
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keting principles and the marketing concept in particu-
lar will be fruitful.

SUMMARY

Metals and IMs require markedly different ap-
proaches to marketing. Marketing dominates IMs, with
geology second in importance and transportation third.
IM marketing is mainly exchange of goods and services
between industrial concerns or institutional or govern-
mental entities rather than exchanges with individual
consumers.

Marketing (strategic) and sales (tactical) differ in
their basic approaches and focus but are interrelated.
Geologists typically are involved with preparation of
market studies and market evaluations leading to ac-
quisitions or marketing plans. IM market evaluation
essentially is asking the right questions of the right
person rather than relying on government statistics
alone.

Modern IM marketing is moving toward the market-
ing concept by emphasizing consumer satisfaction.
Higher profits are generated by supplying products
that consumers want rather than supplying a product
and using marketing to make consumers want to buy
it.
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APPENDIX 1
Outline of a Professionally Prepared Major-Market Study Done In-House for a Major IM Firm

Data and projections were developed to some degree for all categories and the final document was quite lengthy.
A market study of this scope is unusual and most would not be this extensive. This outline is useful to see the

wide range of possible topics.

MARKET

Total market (all products)
¢ Segmented by end use, geography, product, or grade
* Segments classified as supplied or not supplied
» Size of each segment

¢ Segment totals (annual tons consumed and total
dollars) for last 5 years and for next 5 years

» Growth rates for each segment and the total growth
for the past 5 and next 5 years

Emerging and potential new markets

CONSUMERS
Major consumers (all products)

¢ Grouped by market segment, supplied and not
supplied

¢ Annual purchases (tons and dollars) for the past 5
years and for the next 5 years

¢ Comparison of the mix of supplied consumers with
that for the total market (size of consumer, distribu-
tion between segments, growth in annual purchases)

Analysis (all products)

* Importance of product in consumer process and as
percent of final product

¢ What consumer values in the product

¢ Needs satisfied and unsatisfied by product, includ-
ing emerging or future needs

¢ Consumer perception of product quality, service, and
price
* Repeat sales as percent of total sales

¢ Developments that could impact consumer demand
for product

» Strength of the markets into which the consumer
sells products

¢ Strength of supplied consumers versus strength of
their competitors

¢ Which consumers are important to our competitors
¢ Cyclical/seasonal aspects market segments

COMPETITORS
Market share
e Share of total industry sales (tons and dollars) for
each important competitor in each supplied market
segment plus the total market for the past 5 years
and for the next 5 years
¢ Level of competitor satisfaction with their current
market position
¢ Competitor segmentation of the market and their
definition of the business

e Current strategies and future goals of important
competitors

¢ Strategic moves made by competitors during the
past year

e Strategic shifts expected from competitors during
the next 1 to 2 years

Competitor profiles
e Integration (vertical and horizontal)
* Financial strength
¢ Profitability
¢ Reputation
® Product quality and ISO 9000 status
® Product line and differentiation
* Marketing and sales
e Pricing
¢ Technical service
¢ Distribution
¢ Technology
¢ Reserve position
e Mining practices
¢ Production facilities
¢ Production capacity
* Management and labor force
e New product research
Competitive analysis (must be candid)
¢ Industry forces and trends

& Define major forces driving competition in the
industry, market or market segment supplied
(threat of potential entrants, barriers to entry,
concentration ratios, bargaining power of con-
sumers, threat of substitute products)

o Position relative to major forces and trends
compared to competitor positions

¢ Keys to success
o Define most important factors that will drive
success over the next 5 years (factors differ from
segment to segment)
& Rank versus major competitors to evaluate
relative strengths and weaknesses
¢ Competitor cost position analysis
o Estimated unit costs of important competitors at
each stage of their operation
o Current cost advantages and disadvantages rela-
tive to competitors
o Time over which cost advantages can be sustained
o Operational components or stages having the
greatest cost impact
o Alternate options for each component or stage,
option costs and their potential impact on total
costs
o Potential cost advantages and disadvantages
relative to competitors
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¢ Strategy formulation

o Areas of greatest competitor capability and
greatest competitor vulnerability

0 Sources of greatest leverage
& Use of market evaluations

o Areas where competitive advantages can actually
be achieved (to focus limited resources)

TECHNOLOGY
Technology analysis

¢ Differences in technologies employed and their
maturity and limits

¢ Position relative to competitors in terms of these
technology limits '

» Importance of these technologies in current market
segments (they should rank high among key success
factors)

¢ Competitive/alternative technologies for each con-
sumer group or application

» Opportunities to improve existing technology base
or to adopt alternative technology that builds a
competitive advantage that has strategic business
potential

POLICY AND ECONOMIC ENVIRONMENT
Developments and long-term trends

» Key elements of the domestic (and international)
economic environment, including 5-year forecasts
of various economic indicators

e Expected policies and legislative or regulatory
actions of foreign national or federal, state, and
local governments

* Changing concerns and attitudes of society as a
whole

o Other external factors that are largely beyond the
control of management

Impact analysis

¢ Evaluate impacts of these events and trends
(internal)

o Evaluate impacts of these events and trends on
consumers, suppliers, and competitors (external)

RESOURCES
Goals

¢ Analyze capabilities, strengths, and weaknesses
compared to competitors

¢ Find areas where a competitive advantage can be
exploited

Work force (human resources)
¢ Promotion and succession
¢ Compensation and incentives
¢ Hiring (workforce growth)
e Training and quality (ISO 9000 needs)
¢ Benefits
¢ Review of above
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Production

e Costs of materials, energy, labor, maintenance,
mining, processing, etc.

¢ Productivity

¢ Labor organization

* Engineering and technical skills

* Mining and processing equipment, types and age,
automation, product yield from crude ore, etc.

¢ Product quality and consistency (quality assurance;
ISO 9000)

Transportation and logistics
¢ Truck, rail, barge, or ship
¢ Packaging
¢ Warehousing
¢ Inventory management
¢ Effectiveness of distribution channels
¢ Downstream integration
Marketing

e Specialty versus commodity markets supplied and
not supplied

e Sales force compensation, organization, and effec-
tiveness

» Extent and quality of market research carried out,
and use of information developed

Research

o Current level of new value-added specialty product
research and progress

e List of present and desired new specialty product
research in order of priority

e Estimated annual budget requirements for new
product research

» Estimated minimum capital cost for developing new
products by category

¢ Estimated time frame for developing new products
by category
Management
¢ Market and technical awareness
» Hiring and motivational skills
¢ Risk aversion
¢ Business or technical orientation

¢ Success (failures) relative to competitor manage-
ment

e Is success attributed to good management or to a
strong market and industry

» Ability to anticipate changes in the marketplace
and environment and to take advantage of them

¢ Tendency toward problem solving versus problem
prevention—smooth, integrated work environment
versus repetitive crises and emergencies

» Success (failures) of strategies used to increase
market share and profitability

¢ Record of meeting goals
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APPENDIX 2
Record of Phone/Fax Interview Form
This form has been used in surveys and can be expanded or amended as needed.

Respondent: Company:

Title: Phone:

Address: Fax:
E-mail:

Annual volume (TPY):

Bulk, bag, or packaged:

Rail, truck, or water delivery:

Present supplier(s) and supplier location(s):

Product quality specifications:

Demand forecast:

Interest level for new supplier:

Delivered price now paid:

Other comments:
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APPENDIX 3

Outline of a Successful Marketing Operation that Focused on the Consumer
and Strove to be the Low-Priced Supplier

(Modified from Smith, 1991)

PEOPLE
Hire qualified staff
Train and support them
Commit to organizational total quality management (TQM)
Commit to total customer marketing concept (TCM)

ANALYSIS
Market evaluation using reliable data
Analyze competition (products and firms) and consumers
Market (segments, consumers, products, and location)
Forecast supply and demand

TOOLS
Advertising
Direct sales contact
Direct mail and advertising
Seminars
Participation in professional groups
Trade publications and shows
Technical publications
Industry association resource groups

PLAN
Objectives (TQM, TCM)
Strategy for success
Markets, segmentation, and priorities
Product positioning
Pricing policy
Promotional programs
Distribution of promotional materials
Forecast revenues and profitability
Measurement/tracking to monitor the plan
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Niche Marketing of Industrial Minerals:
An Oklahoma Company’s 22-Year History

Henry F. McCabe and Verne L. McCabe

McCabe Industrial Minerals, Inc.
Tulsa, Oklahoma

INTRODUCTION

The principals of McCabe Industrial Minerals, Inc.,
have been involved in the mining, processing, and mar-
keting of nonmetallic minerals for more than 40 years.
In addition to marketing nonmetallic minerals pro-
duced by other companies, McCabe Minerals owns and
operates three plants that produce headlap-roofing
granules, with 25 employees and annual sales ap-
proaching $6 million. During its 22 years of operation,
the company has developed many different markets,
and a list of factors that is used in making our market-
ing and feasibility studies. These criteria (Table 1) are
used extensively by the company in all of its projects,
and we present this and other data about the company
in this brief report.

HISTORY OF THE COMPANY

A brief outline of the history of McCabe Industrial
Minerals follows:
I. McCabe Industrial Minerals, Inc. (Formerly
McCabe-Woody & Co.).
A. Founders:

1. Henry F. McCabe (experience):

a. Heart of Texas Sand Co., Brady,
Texas (1959-67)

b. Delta Mining, Mill Creek, Oklahoma
(1967-76)

2. A. H. Woody (experience):

a. Heart of Texas Sand Co., Brady,
Texas (1961-65)
b. Featherlite Corp.—Light-weight
aggregate
B. McCabe-Woody & Co. was founded in 1976,
and Piedmont Mining Corp., a wholly-owned
subsidiary, was established concurrently in

Kingsport, Tennessee, to produce chemical-

grade dolomite:

1. We had a market-niche goal, to produce a
glass-flux stone to serve a glass-manufac-
turing plant in east Tennessee, as well as
chemical-grade dolomite for feed and
fertilizer

2. Plant constructed in 1977

3. Plant sold to the glass company in 1980

II. Concurrent with Piedmont: McCabe-Woody Co.
was incorporated in June 1977. Also, we entered
a new market niche in 1978: oil-well-drilling and
-cementing industry, based on our associations
and previous experiences in this market with
Heart of Texas Sand Co.

A. Provided cement additive for Dowell. A plant
was constructed to serve this specific market
niche, based on using ground coal as the
additive

B. A lost-circulation-product plant was built to
produce material for drilling-fluid companies,
using an Amoco-licensed blend of various
products

C. Provided an asphalt-based—drilling lubricant,
packaged and marketed under agreement
from Sun Oil Co.

III. A new focus on non-cyclical market niches was
developed as a result of the downturn in oil-well-
drilling industry in 1984. The company surveyed
several opportunities and made decisions based
on its associations, previous contacts, and mar-
keting expertise. Various markets were pursued
as the company was growing to serve these
market niches.

A. Residential-roofing-market niche:

1. This niche was chosen because of the
steady nature of the business: 1-3%
growth in annual demand

2. The market for roofing is driven by the
fact that 75% of annual business consists
of replacement of roofing, due to wear
out, storm damage, and customer desire

3. Market study for headlap-granules plant
was made in 1983:

a. Headlap vs. colored granules:

(1). Headlap plant has a lower
capital investment

(2). Raw material is readily avail-
able; coal slag is preferred

(3). Plant site is close to the market
to gain freight savings, which
could result in a higher selling
price and a competitive price
when delivered to the customer

McCabe, H. F.; and McCabe, V. L., 1999, Niche marketing of industrial minerals: an Oklahoma company’s 22-year history,
in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological

Survey Circular 102, p. 297-299,
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Table 1.—Factors to Consider When Selecting
an Industrial Mineral Operation

¢ Industrial mineral needed

¢ Location of mineral deposit

¢ Assay of material

¢ Processing cost

¢ Potential market volume

e Transportation of finished product: by rail or truck
¢ Competition

Marketable differences

¢ Nonsalable waste

* Raw-material availability

¢ Cost of raw material

¢ Capital equipment and construction cost
¢ Environmental and safety considerations
¢ Operations manager

¢ Availability of labor

¢ Purchase commitments from customers

* Equipment selection and plant design (material
testing)

o Caliber of miner or operator (raw-material supplier)
e How it is to be financed (adequate working capital)
¢ Quality control and on-time delivery

e Market variety and number of separate products
available on site

b. Plant site was chosen in Kansas to
serve Texas, Arkansas, Missouri,
Kansas, and Oklahoma roofing
plants in 1984:

(1). Raw material: coal slag from
Empire District Electric,
Asbury, Missouri

(2). Plant site is on Burlington

Northern Railroad
(8). Rail rates lower than competi-
tion .
(4). Started shipments in October
1984

B. Other nonmetallic-mineral resales, pur-
chased from existing producers during the
company’s 22 years of operation (not cur-
rently active):

1. Calcitic limestone: glass-flux stone for
glass containers (1981)

2. Specialty sands: for oil-well fracturing
and water filtration (1978)

3. Pebble lime: for paper manufacturing
(1980)

C. New market niches entered, based on broad-

ening the company activities:

1. Barium sulfate for automotive acoustic
applications and used as a functional
filler in under-dash, interior parts, and
carpet backing:

H. F. McCabe and V. L. McCabe

a. Entered market by processing waste
by-product from a fluorspar (fluorite,
CaF,) operation in southern Illinois

b. The volume of sales increased beyond
the available supply of waste, result-
ing in a need to obtain long-term
source from a basic producer of barite

c. Began selling products under an
exclusive marketing agreement with
Baroid Drilling Fluids (1986)

d. Sales currently continue to increase
and represent over half the
company’s annual sales

IV. Roofing niche began demanding new headlap

materials, due to a decline in the supply of

traditional materials (coal slag), which caused

the company to begin evaluating the use of an
alternate material:

A. A study was conducted of natural materials
that meet the criteria for processing into
roofing granules. The asphalt-shingle indus-
try needs materials that meet the following
criteria:

1. Low translucency—measure of the
amount of ultraviolet light that passes
through the granule and deteriorates the
asphalt substrate

2. Chemical and physical weatherability—
the ability to resist exposure to the
elements in the atmosphere and to
temperature changes

3. Particle shape—it is desirable to have
equidimensional fracture, so that crush-
ing results in particles that are some-
what cubic in shape

4. Color—uniformly dark gray to black

5. Bulk density—similar or equal to the
colored surface granules, with a target
minimum of 80 1bs/ft3

6. Gradation—percentage of the various
fractions of the product that fall into a
specific product-distribution curve

B. Based on this study, subsequent plant trials,
and customer approvals, a plant was con-
structed in 1993 using rhyolite from the
Arbuckle Mountains, Oklahoma, as feed-
stock:

1. Markets to be served are roofing plants
in Oklahoma and north Texas

2. Raw material secured from a rhyolite
quarry which produces railroad ballast
and construction aggregates

3. Rhyolite meets all of the criteria for a
natural-mineral headlap for asphalt
shingles; it is the fine-grained, volcanic
equivalent of a granite and consists
primarily of alkaline feldspars and
quartz

4. Following extensive customer trials and
plant testing, a plant was constructed in
1993 and began shipments in the same
year
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V. The company grows horizontally by expanding
the roofing niche:

A

H O a w

Surveyed the electric-generation industry
and located an additional source of coal slag
near Lincoln, Nebraska, in 1996

Secured a long-term supply agreement with a
Texas roofing-manufacturing plant

Secured a long-term, exclusive purchase of
the coal slag in 1997

Conducted plant trials and customer trials in
1997

The plant was constructed in 1997, and
began operation in the fourth quarter of 1997

SUMMARY

McCabe Industrial Minerals, Inc., a privately held
Oklahoma company, continues to grow in sales and
assets through its efforts in niche marketing of indus-
trial minerals. The company believes that this focus,
along with its current goals and objectives, will ensure
the company’s continued success well into the new
millennium. More information on the company is avail-
able via telephone (918/252-5090) or by e-mail:
<mccabe@iamerica.net>.
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Transloading: A Case Study of the Tucker Hill Perlite Project

and Its Transloading Terminal

Charles N. Speltz

American Transloaders, Inc.
Lakewood, Colorado

ABSTRACT.—The cost of transportation of industrial minerals frequently is higher
than the cost of the product. When a mine, industrial-mineral plant, or customer is
served by a single railroad, because of the lack of competition, that railroad may in-
crease rates and/or reduce service so that the economics of that mine, plant, or cus-
tomer are affected adversely. .

Transloading of industrial minerals from rail-to-truck or truck-to-rail to improve
economics and sales of product is not a new concept. However, transloading to create
competition and reduce freight costs or to improve service is a relatively new concept
brought on by the recent mergers of many of the main-line railroads, both in the east-
ern and western United States. For example, in 1998, with completion of the
Burlington Northern/Santa Fe (BNSF) and the Union Pacific/Southern Pacific merg-
ers (UPSP), the western United States has only two main-line railroads.

The industrial-mineral producer, to reduce the cost of transportation or increase the
level of service, must evaluate potential transloading opportunities in light of higher
prices and reduced service brought on by reduced railroad competition.

This paper discusses industrial-mineral transloading and examines the case history
of the Tucker Hill perlite project in southern Oregon. The Tucker Hill project is a clas-
sic study of industrial-minerals transloading where the project would have failed with-

out the transloading.

INTRODUCTION

The cost of transportation of industrial minerals
commonly is higher than the cost of the product. Any-
thing that causes higher transportation rates or re-
duced transportation service can seriously impact the
economics or reliability of industrial-mineral produc-
tion. Recent developments within the U.S. railroad in-
dustry have reduced or eliminated competition to many
industrial-mineral producers. These developments
have increased transportation rates, reduced levels of
service, or both. When a mine, industrial-mineral
plant, or customer is served by a single railroad, that
single railroad, having no competition, tends to in-
crease rates and/or lower service so that the economics
of that mine, plant, or customer can be affected ad-
versely, or so that the level of rail service precludes
satisfactory performance by the industrial-mineral pro-
ducer.

Transloading of industrial minerals from rail-to-
truck or truck-to-rail to improve economics and sales of
product is not a new concept. The transloading of in-
dustrial minerals from rail-to-truck from mines served
by rail to customers not served by rail, or from truck-to-

rail from mines not served by rail to customers served
by rail, is a well-established technique for extending
market areas by utilizing lower-cost rail transportation
to augment higher-cost truck transportation. There are
many examples in the soda ash, industrial silica sand,
construction aggregates, and portland cement busi-
nesses, where transloading has enabled producers to
enter markets in which, without transloading, they
would have little chance to complete.

However, transloading to create competition be-
tween railroad companies is a new concept. When both
the mine and the customer are rail served, a need for
transloading is not obvious. However, if a producer or
customer can create competition between rail carriers,
or between rail and truck, that competition will serve to
reduce freight rates and/or improve service.

The conflict created between the need to maximize
railroad profits and the needs of the industrial-mineral
producer or consumer seems to surface at three points.

1. A railroad will increase rates to match those
charged by the competition in an effort to improve rev-
enues. If no alternative rail competition exists, rail-
roads can increase rates to approximately those
charged by the trucking industry. Truck transportation

Speltz, C. N., 1999, Transloading: a case study of the Tucker Hill perlite project and its transloading terminal, in Johnson,
K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Cir-

cular 102, p. 301-307.
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Figure 1. The Tucker Hill perlite project.

can range from 6%¢ to 20¢ per ton mile, depending on
gross weight levels, type of equipment required, haul
distance, and individual state laws. Rail tariffs gener-
ally range between 2¢ and 11¢ per ton mile. A range of
between 4¢ and 9¢ per ton mile is an inviting target to
any railroad trying to improve profitability.

2. A railroad will defend existing business in an ef-
fort to protect existing revenues. If a railroad has a rev-
enue-generating business, it will try to prevent compe-
tition from reducing that revenue. For example, if a
new mine were opened on the same railroad half the
distance to the customer from an existing mine, the
new freight rate would not be one-half the old rate.

3. A railroad will curtail service to reduce expenses.
Reducing service is the easiest way to reduce expenses.
Labor is one of the highest-cost items for a railroad, fol-
lowed closely by the cost of equipment. Anything that a
railroad can do to reduce labor or transfer the cost of
equipment to the customer will reduce expenses. A car
shortage inducing the customer to lease or purchase
rail cars will reduce the railroad’s equipment costs.
Labor costs can be reduced by reducing switching from
daily to less-frequently than daily.

However, the very things that make railroads less
competitive also lay the seeds for competition by
transloading terminals. Reduced competition leads to
escalating railroad freight rates, route abandonments,
or the creation of a “short line,” any of which can serve
as the catalyst to consider transloading. As competition
is reduced, prices generally increase. At some price or
level of service, a transloading terminal on an alterna-
tive railroad becomes an attractive proposition.

Transportation cost is not the only factor leading to

consideration of transloading; abandonment of track-
age creates an obvious need for transloading. If a pro-
ducer or consumer loses rail service because of aban-
donment, a transloading terminal must be installed at
the nearest available railhead if rail service is neces-
sary. For example, the abandonment of the Tennessee
Pass route in central Colorado by the UPSP Railroad,
will leave ASARCO (a base-metal producer at Lead-
ville) and Calco (a lime producer at Salida) without any
rail service. If they wish to ship by rail, they must con-
struct a transloading terminal at Cafion City, the near-
est railhead to their operations.

Creation of short-line railroads, in lieu of abandon-
ment, leads to consideration of transloading even
though the mine or customer still has rail service.
When trackage is taken over by a short-line railroad,
the cost of operating that trackage is almost always
higher than when it was operated as part of a “class A”
railroad.

Short-line railroads are created, in lieu of abandon-
ment, on trackage that serves existing customers, but
does not produce sufficient revenue to justify continued
operation by a class A railroad. Unless the class A
railroad subsidizes the short-line railroad, the cost of
operating, and the price of transportation almost al-
ways will be higher than before the short line was
created.

In considering a transloading terminal, the rationale
behind a railroad’s actions must be understood. Rail-
roads do not arbitrarily raise prices, abandon trackage,
or create short lines. At the heart of all such actions lies
the railroad’s own self-interest. In order to survive, rail-
roads must generate profit. There is a constant demand
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Figure 2. Potential market access on the Southern Pacific Railroad.

to improve profitability by maximizing revenues and
minimizing operational costs.

WHAT HAPPENED TO RAILROAD
COMPETITION?

Railroad competition has been reduced by two rela-
tively recent events—the Stagger’s Act of 1980 and
railroad mergers.

First, passage of the Stagger’s Act in 1980 provided
limited deregulation of railroad freight rates, and au-
thorized railroads to increase or lower freight rates in’
response to market conditions. The Staggers Act was
passed to create competition in the unit-train coal busi-
ness and to lower freight rates to electric utilities. It
did! Predicated on the success of the Stagger’s Act,
eventually all railroad tariffs were deregulated. Prior to
1980, railroads were locked into an inflexible, regulated
tariff system. Competition did not exist. Freight rates
could neither be increased nor decreased without regu-
latory approval of the Interstate Commerce Commis-
sion. The regulatory system allowed railroads to charge
monopolistic freight rates even though they were not
monopolies. Even after total deregulation, the only
constraint to railroad tariffs was truck transportation,

but where competition was weak, or nonexistent, rail
rates increased. Truck transportation is not creditable
competition to railroads except on short hauls of =200
mi.

Second, the merger of class A railroads, both in the
eastern and western United States, has eliminated
competition. As the number of railroads decrease, rail
transportation cost has increased; rail abandonments
have accelerated, and short-line railroads have been
created to serve trackage not deemed profitable by the
class A railroads. With completion of the Burlington
Northern/Santa Fe (BNSF) and the Union Pacific/
Southern Pacific (UPSP) mergers in 1997, the western
United States has only two class A railroads; hundreds
of miles of track have been abandoned, and dozens of
short-line railroads have been created.

The industrial-mineral producer, to reduce the cost
of transportation or to increase the level of service,
must determine if transloading opportunities exist,
must evaluate those opportunities, and, in most cases,
must build and operate the transloading terminal be-
fore the competing railroad will respond. Railroads do
not respond to threats; they will respond only after los-
ing the business. Then, they frequently will do what-
ever is necessary to regain the lost traffic.
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THE TUCKER HILL PERLITE MINE

The Tucker Hill perlite deposit has been known for
as long as perlite has been an industrial mineral. The
deposit is on Bureau of Land Management land and
was claimed in 1983. It was evaluated and rejected by
a number of potential operators. Looming large
amongst the reasons for rejection was the location of
the deposit and its disproportional high cost of trans-
portation to the market. Although the perlite was re-
futed to be of exceptional quality, the cost of transpor-
tation to potential customers seemed to be an insur-
mountable obstacle.

The Tucker Hill deposit is in southeastern Oregon
(Fig. 1) about 18 mi north of Lakeview, the intended
railhead. The perlite processing plant was to be built in
Lakeview on the Great Western Railroad (GWRR), a
short line resulting from a SP abandonment.

In 1995, the Atlas Mining Co., operating as Atlas
Perlite Co., acquired the claims and proceeded to de-

velop the property. The project looked as though it had
excellent access to the marketplace (Fig. 2) because the
GWRR interchanged with the SP at Alturas, Califor-
nia, 55 mi south of Lakeview. This interchange, in turn,
provided excellent access to the north into Oregon and
Washington, to the south into California, and to the
eastern markets via Denver.

However, a problem arose. In 1996, the SP Railroad
decided to terminate usage, and apply for abandon-
ment (Fig. 3), of 85.5 mi of track from Alturas to
Wendel, California. The SP had limited local traffic
since 1995 and did not intend to use the trackage pro-
posed for abandonment, regardless of whether the
abandonment was permitted or not. Unfortunately for
the Tucker Hill project, the route between Alturas and
Wendel, California, was the only direct route to eastern
markets. The alternative route (Fig. 4) proposed by the
SP Railroad added an additional 200 mi to the direct
route by going west to Klamath Falls, Oregon, south to
Roseville, California, and then east. This abandon-
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ment, for all practical purposes, precluded any possibil-
ity of shipping Tucker Hill perlite to eastern customers
because the new freight rate was simply noncompeti-
tive. Furthermore, perlite mines in Antonito, Colorado,
and Socorro, New Mexico, were substantially closer to
the eastern markets than was Lakeview, Oregon.

Having lost any possibility of marketing perlite to
the east, it became increasingly obvious that the viabil-
ity of the Tucker Hill project depended on finding one
large customer in the west to provide a base load for the
project. That one customer was the ceiling tile plant of
Armstrong World Industries at St. Helens, Oregon, 12
mi northwest of Portland, Oregon. Armstrong previ-
ously had tested the perlite and found it superior to its
existing supply. Atlas Mining Co., operating as Atlas
Perlite, decided that the Tucker Hill deposit could be
placed in operation only if Armstrong could be secured
as a customer.

Armstrong was encouraging, thinking that it could

get a better quality perlite from the Tucker Hill project
at a lower price and could improve substantially its rail
service from the SP Railroad because Lakeview is con-
siderably closer to St. Helens than was its existing sup-
plier at Antonito, Colorado. Armstrong was, at that
time, buying perlite from Antonito, Colorado (Fig. 5), a
SP origin, 2,180 mi from Portland, Oregon. The
Burlington Northern (BN) would switch the cars the
final 12 mi from Portland to St. Helens. The SP was
charging $31 per ton to deliver perlite from Antonito to
Portland, and the BN was charging $6 per ton from
Portland to St. Helens, for a total of $37 per ton. How-
ever, because of the distance and the number of times
that the shipments were re-routed, rail service from
Antonito was unreliable.

Armstrong occasionally had run out of raw perlite
and would truck material from Antonito. Alternatively,
rail cars, which were released from Antonito daily,
would be bunched upon delivery and would incur de-
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Figure 5. Existing Southern Pacific Railroad route from Antonito, Colorado, to St. Helens, Oregon.

murrage charges. Armstrong would go without a rail
delivery for two weeks only to have 12 railcars deliv-
ered all at once. Armstrong neither had the trackage,
the equipment, nor the storage to handle 12 cars.
Hence, in 1995, Armstrong incurred a $30,000 demur-
rage bill. Armstrong expressed a strong desire to buy
from Atlas if the delivery problems could be solved and
the delivered price of perlite was attractive.

The SP Railroad quoted $27 per ton from Lakeview
to St. Helens (482 mi at $0.056 per ton mi) versus the
existing rate of $37 per ton for 2,180 mi at $0.017 per
ton mi. The delivery distance declined by almost 80%,
whereas the freight rate was reduced by only one-third.
Clearly, the SP Railroad was attempting to protect its
revenues from Antonito.

The SP received $31 per ton for delivering perlite
from Antonito ($37 per ton total less $6 per ton for the
BN switch). If the Tucker Hill project were placed in
production, the SP would receive only $16 per ton ($27
per ton total, less $6 per ton for the BN switch, and less
$5 per ton for the GWRR from Lakeview to Alturas).
Successful development of the Tucker Hill project
would not be in the best interests of the SP.

The SP informed Atlas that, at $27 per ton, they
would provide only one switch per week. Switching
once a week meant that if any cars missed the local
train from Klamath Falls to Lakeview, those cars

would have to be held in Klamath Falls awaiting the
next weekly switch. It also meant that if any cars
missed the local train, the processing plant would not
have sufficient cars to load its weekly requirements.

Armstrong refused to buy perlite from the Tucker
Hill project under those delivery conditions. They were
told to either arrange more frequent switching service
with the SP or to find additional railcars to insure con-
tinuous service. But, how many cars would be neces-
sary? There was no answer! The SP would not estimate
cycle time from Lakeview to St. Helens and back to
Lakeview. Furthermore, the SP would not supply extra
cars to make up any shortages incurred. The BN re-
fused to provide extra cars on the basis that they re-
ceived only $6 per ton for the switch from Portland to
St. Helens.

Direct truck delivery was impractical as the road
distance was 524 mi one-way. The roads were load re-
stricted in the spring when the frost was coming out of
the ground; the mountain passes frequently were
blocked by snow in the winter; and Armstrong required
four hours to unload a truck.

The BN suggested that the SP load extra cars, store
the extras in Klamath Falls, and release them singu-
larly, as required by the customer. The SP was unable
to supply extra cars and was unwilling to take respon-
sibility for metering the cars to the customer.
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At this point, Armstrong notified Atlas that if the
Tucker Hill project was going to depend on the SP Rail-
road, Armstrong would not use perlite from the Tucker
Hill project. Confronted with an impossible situation,
Atlas evaluated the possibility of transloading perlite
in Klamath Falls for direct loading on the BN.

Atlas purchased an unused grain elevator in Henley,
Oregon (Fig. 6), a few miles south of Klamath Falls and
97 mi from the perlite mill at Lakeview. The elevator
was on the BN Railroad. The elevator was converted to
handle perlite rather than wheat. Furthermore, the
elevator provided up to 600 tons of live storage as a
surge between the mill and the customer.

The BN posted a rail rate of $12 per ton from Kla-
math Falls directly to Armstrong at St. Helens; local
truckers charged $11 per ton to deliver perlite from

Lakeview to Klamath Falls. Total operating costs for
the elevator were about $2 per ton. Thus, the overall
price for transloading was $25 per ton, exclusive of
capital and renovation costs for the Henley elevator.
Because the transload terminal proved possible, the
mine was opened. Armstrong World Industries got a
reliable supply of perlite 414 mi away on the BN Rail-
road, rather than 2,200 mi away.

Innovative thinking put the Tucker Hill perlite mine
in production. The transloading terminal in Klamath
Falls did not reduce transportation expense, but it did
alleviate the impossible delivery situation faced by At-
las Mining. The SP Railroad posted high freight rates
in order to protect an existing, high-revenue delivery
and refused to provide service sufficiently high to en-
able the mine to meet the customer’s requirements.
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INTRODUCTION

Industrial-mineral production contributes on the
order of CDN$1.5 billion per year to the economy of
Saskatchewan, Canada. Potash is the primary indus-
trial mineral produced in the province, followed by ag-
gregate, sodium sulphate, salt, potassium sulphate,
peat, clays, silica sand, calcium-chloride brine, and
“clinker.” Potentially economic deposits of kaolin, dia-
mond, and building stone are under evaluation. All of
the major deposits of commodities discussed here are
located south of lat 56°30°N. Most of the locations are
presented on Figure 1.

POTASH

Saskatchewan supplies approximately 30% of
the world’s demand for potash. Eight conventional
underground mines and two solution mines produced
an all-time high of more than 13 million metric tonnes
of potash (KCI) (8 million tonnes K,O equivalent) in
1997, valued at over CDN$1.4 billion. All of the mines
exploit the middle Devonian Prairie Evaporite. The
four potash-bearing members of the Prairie Evaporite
underlie much of southern Saskatchewan and extend
southward into North Dakota and Montana and east-
ward into Manitoba (Fig. 2). Halite and anhydrite sepa-
rate the potassic members. The evaporite beds locally
are interrupted by solution structures (anomalous
ground). Some of the structures may be related to deep-
seated tectonic features.

Potash resources generally are accepted as being
extremely large. Barry (1981) calculated reserves for
single- and double-level conventional mining as 10.5
and 14.0 billion tonnes K,O equivalent, respectively.
However, the influence of solution structures on recov-
erable reserves, particularly in the region where
the ore is at a conventional mining depth of 1,100 m
or less, makes any attempt at precise estimates diffi-
cult. Deeper resources recoverable by solution mining
are estimated to be at least 42 billion tonnes K,0
equivalent.

AGGREGATE

Production of about 11 million metric tonnes of sand
and gravel was reported in 1997. This material was
derived from Pleistocene glacial and glaciofluvial de-
posits and Tertiary fluvial deposits.

SODIUM SULPHATE

Saskatchewan is also one of the world’s leading pro-
ducers of natural sodium sulphate. The deposits occupy
closed basins or depressions in southern Saskatchewan
that resulted from various glacial and proglacial proc-
esses (Last and Slezak, 1987). The most abundant
mineral salts are mirabilite (Na,SO, - 10H,0),
thenardite (Na,SO,), bloedite (Na2Mg(SO,), - 4H,0),
as well as magnesian sulphates such as epsomite and
kieserite.

Figure 3 illustrates the general morphology of the
deposits and mining methods. Typical crystal bed
thickness is 1-5 m but exceeds 30 m in a few locations.
Natural sodium sulphate deposits generally are
interlayered with impurities of silt, clay, and biogenic
material.

Currently four operations produce about 320,000
metric tonnes per year, about 90% of which is detergent
grade (~99.5% Na,SO,), and the balance is salt cake
(~97% Na,S0,). The value of production in 1997 was
approximately CDN$30 million. Two operations fur-
ther combine sodium sulphate with potash to produce
potassium sulphate.

The origin of the ions in these basins is not yet fully
understood. Saline springs near many of the basins are
presumed to have a genetic relationship to the sodium-
sulphate deposits. Potential mechanisms for the
springs include: shallow (meteoritic) ground water;
deep (connate) ground water, possibly modified during
ascent; and surface leaching of the surrounding terrain.

Tomkins (1954) identified 21 Saskatchewan depos-
its, each containing between 500,000 tons and 9 million
tons of anhydrous sodium sulphate equivalent.
Twenty-four others were listed as containing between
100,000 and 500,000 tons each.

SALT

Salt is produced as a by-product at four potash
mines and by two stand-alone solution mines. Table
salt, livestock blocks, road de-icing salt, water-softener
salt, and a variety of sodium-based chemicals are
produced.

PEAT

At present, Saskatchewan peat production is limited
to a single operator that produces horticultural peat

Kelley, L. I., 1999, Industrial minerals of Saskatchewan, in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology
of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 309-312.
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Figure 2. Schematic east-west cross section through the Prairie Evaporite. From Fuzesy (1982).

near Carrot River. Troyer (1985) completed the most
recent investigation of Saskatchewan peatlands. He
identified fuel peat in the La Ronge, Pinehouse, Buffalo
Narrows, and Beauval areas that contained approxi-
mately 4,600-4,900 BTU/1b.

STRUCTURAL CLAY

Canada’s only bentonite producer exploits several
seams in the Cretaceous Bearpaw Formation in south-
ern Saskatchewan. Brick production in the province
ceased in 1996, but clay for brick-making, porcelain,
and general pottery uses is still quarried from several
locations in south-central and southwestern Sas-
katchewan.

SILICA SAND

High purity (>95% SiO,) silica sand is quarried from
the Ordovician Winnipeg Formation for use as smelter
flux and from the Cretaceous Mannville Group for golf-
course-bunker sand. Several exploration programs are
currently evaluating the Winnipeg sands for hydro-
fracturing propping media and as feed for high-purity
silica specialty applications.

BRINE

Calcium chloride-saturated brine infiltrates one of
the potash mines. It is recovered and distributed by a
chemical re-seller for use in road-dust suppression and
as tractor-tire ballast (SG (=1.3). Analysis of Paleozoic
formation brines indicates considerable potential for
development of a multielement brine-based chemical
industry. Kreis and Gent (1992) compiled analyses in-
cluding iodine concentrations in excess of 500 mg/l and
bromine concentrations in excess of 20,000 mg/l. The
Saskatchewan Geological Survey is a partner with the
University of Saskatchewan and the University of
Alberta in enhancing the brine database by systematic
analysis of formation waters from petroleum wells.
Results of this work may support the resource potential
of the brines.

CLINKER

“Clinker” is used to describe materials that have
been thermally indurated by in situ coal-seam combus-
tion to a degree up to and including fusion. Clinker
deposits are found in the Paleocene Ravenscrag Forma-
tion in southern Saskatchewan, where mudstones have
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been altered by the combustion of lignite. The clinker is
quarried for use as decorative coloured blocks and ag-
gregate in landscaping applications. It also has been
used as a replacement for the crushed-brick product
used to improve drainage and control mud on baseball
infields (Guliov, 1995). Clinker is also a potential
source of road metal.

KAOLIN

The Upper Cretaceous Whitemud Formation repre-
sents a very large kaolin resource in south-central
Saskatchewan. A reserve of 200 million tonnes has
been drill-tested near the village of Wood Mountain.
Bench- and pilot-scale testing has produced the follow-
ing: low-brightness, calcined coating-grade kaolin;
non-calcined low-brightness filler; high-brightness cal-
cined filler; and medium-brightness delaminated ka-
olin. The western Canada kaolin market is currently on
the order of 50,000 tonnes per year, but two light-
weight-coated-paper plants currently being permitted
in Alberta could increase that figure by five times or

L. L. Kelley

more in the next few years. At the time of writing, two
companies were exploring the kaolin potential of the
Whitemud Formation.

DIAMOND

In the Fort-a-la-Corne and Candle Lake areas of cen-
tral Saskatchewan, more than 70 kimberlite bodies
have been drill-tested. Most of the kimberlites are dia-
mondiferous, and gem-quality stones have been re-
ported. Evaluation of these deposits, which are typi-
cally overlain by 100 m of glacial drift and poorly con-
solidated Cretaceous clastic rocks, is ongoing.

A major exploration effort began in late 1997 in
south-central Saskatchewan, stimulated by a Sas-
katchewan Geological Survey sampling program that
identified several diamond-indicator mineral anoma-
lies.

STONE

A mottled buff and tan Ordovician dolomite, which is
not metamorphosed but meets ASTM specifications for
marble, has been quarried for several ashlar-block-con-
struction projects in the last 10 years. Other very at-
tractive stones have been identified, including a green
granite and an injection gneiss reminiscent of “Verde
Antique.”
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ABSTRACT.—Sand-and-gravel aggregates have become the number-one, nonmetallic-
mineral resource in the world. Surficial aggregate deposits of economic size are becom-
ing increasingly rare in most parts of Canada. In southern Saskatchewan, this is es-
pecially true, and detection and delineation of intertill sand-and-gravel deposits with
airborne electromagnetic (EM) surveys have proven very successful. Airborne and
ground geophysical surveys detect such deposits by their resistivity contrast relative
to the surrounding clay-rich soils. Dighem helicopter-borne electromagnetic surveys
map soil variations over a large area quickly and cost effectively, greatly reducing the
cost of detecting and mapping deposits compared with traditional methods (air-photo
interpretation, ground EM, and drilling).

The multiple-frequency EM system used by Dighem can map variations both hori-
zontally and vertically. Magnetic data collected simultaneously are useful in mapping
bedrock geology. Both resistivity and bedrock maps aid in the important task of reduc-
ing drilling costs and person-hours in the field.

The results of the survey are presented as maps of ground resistivity, which are
relatively easy to interpret. These maps are produced in the field at the time of the
survey, making quick follow-up of the survey possible.

Airborne EM surveys can map the extent and depth of aggregate deposits more
effectively than is practical from the ground. Since aggregate deposits can vary tre-
mendously in a very short distance (<300 m) large-area EM maps can show both local
area variability and also help develop intertill trends.

A test survey for the Saskatchewan Highways and Transportation Department
over a 3-km by 5-km area mapped all the known deposits as well as some unknown de-
posits, subsequently proven by drilling. The test-survey data show that the method not
only detected the deposits, but also gave an estimate of the shape (volume) of each of
the deposits. Comparison of the data to drill sections shows excellent correlation.

Theoretical modelling demonstrates that the multifrequency system can discrimi-
nate sand and gravel from bedrock ridges.

Since the successful test work, about 725 km? of ground have been surveyed, result-
ing in the discovery of four new deposits, which can be used immediately, resulting in
significant savings for the Saskatchewan government and taxpayer.

INTRODUCTION

Sand-and-gravel aggregates have become the num-
ber one nonmetallic-mineral resource in the world
(Derry, 1980; Jenson and Bateman, 1981). In total
tonnes produced it far exceeds iron ore, salt, or coal.
Production in the United States is about a billion
tonnes annually (Barsotti, 1999, this publication); in

Canada, more than 200 million tonnes (Giancola,
1997). Because of the high volume of material, and an
average cost of $1.00 to $2.50 per tonne at the pit,
transportation costs are a major factor in the purchase
of aggregate. This makes it essential that sand and
gravel be found as close as possible to the site where it
will be used. Deposits near major urban areas are ex-
hausted in some cases, forcing producers to resort to

Hodges, Greg; and Latoski, Michael, 1999, The application of airborne electromagnetics and ground geophysics to the detec-
tion of buried gravel deposits, in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial miner-
als, 1998: Oklahoma Geological Survey Circular 102, p. 313-318.
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long haul distances or expensive crushed rock. The
ability to locate sand and gravel hidden beneath other
sediment layers can extend the reserves and reduce the
cost of locating deposits.

In this paper, we would like to show some new tech-
niques, particularly airborne electromagnetic surveys,
that have been used successfully to detect buried sand-
and-gravel deposits in Saskatchewan in 1997.

BACKGROUND

Geology

Sand-and-gravel deposits generally occur as sedi-
mentary beds or pockets, commonly interbedded with
other sedimentary layers. They are formed from
fluvioglacial deposits, stream channel and floodplain
deposits, on the margins of current or ancient sea and
lake beds, or as desert sand dunes (Jenson and
Bateman, 1981). Sand-and-gravel deposits in Saskatch-
ewan mostly originate from fluvioglacial deposition—
from meltwater deposits on, under, and marginal to the
continental glaciers (Giancola, 1997).

Methods for Finding Sand and Gravel

Traditional methods of locating aggregate deposits
include (1) prospecting—or going out and looking
around, (2) air-photo interpretation, (3) satellite-image
interpretation, and (4) drilling or trenching. Prospect-
ing is obviously slow. Air-photo interpretation is rela-
tively low cost, but can be successful only where there
are indications on the surface of the presence of the ag-
gregate. It cannot help with intertill deposits. Satellite-
image interpretation suffers from the same problems.
In either case, heavy forest cover or swamp also can
mask the deposits. Interpretation of geomorphology
can aid this search.

Drilling and trenching can penetrate the overlying
sedimentary layers, but these methods are slow, com-
paratively expensive, and sample only a single point.
These methods also damage the surface, which in-
creases the cost and slows down or prohibits explora-
tion because of land-access and permitting problems.
Wildceat drilling without previous indications of the
existence of the deposit is much too expensive.

Examination of existing drill information, such as
water-well drill logs, works in areas where this infor-
mation is available. It can be time-consuming and re-
quires an advanced knowledge of the geomorphology.
The coverage and detail can be sparse.

Ground geophysical methods also are used to detect
sand and gravel. Portable electromagnetic (EM) sys-
tems such as the Geonics™ EM31 are popular and can
penetrate conductive clay layers to a depth of a few
metres. They do minimal crop damage and no land
damage. They are limited, however, to the distance
they can be carried in a day (5—-10 km). They can be
mounted on a vehicle, but this approach reintroduces
the problems of drills—damage to the land, and access
and permitting.

The smaller ground EM units such as the EM31 are
limited in their depth penetration and generally do not

Greg Hodges and Michael Latoski

provide a multilayer section. Larger units can see to
economic depths, and some can detect at different
depths; however, as the unit becomes larger, the cost
goes up and often the production slows down.

Ground-penetrating radar also is used to detect ag-
gregate deposits and provides high-resolution images of
the subsurface. However, the instruments provide very
limited penetration in the high-clay tills, which com-
monly may cover sand-and-gravel deposits in Saskatch-
ewan. Radar can be portable or truck mounted, with
the same benefits and limitations as a ground EM
system.

Helicopter EM surveys lack the high resolution of
ground EM systems for small targets but cover a lot of
ground quickly, are multifrequency/multidepth, and do
not require ground access. They are unaffected by tree
cover or swamp. Typical production is about 65 km? a
day, at 200-m line spacing.

THE DIGHEMY HEM SYSTEM

The DighemV HEM system is a frequency-domain
electromagnetic system with five transmitter/receiver
coil pairs in a bird slung below the helicopter at a
ground clearance of about 30 m. The standard system
has a frequency range from about 380 Hz up to 56,000
Hz, with coils oriented in both coplanar configuration
for best sensitivity resistivity mapping and vertical-
coaxial coils for sensitivity to vertical conductors.

Currently, a new system designed for this type of
resistivity mapping work is being built, which will
employ five coplanar coil pairs with a frequency range
up to over 100,000 Hz.

The transmitted field energises the ground below,
inducing electric currents, which change depending on
the resistivity of the ground. Variations in the soil and
rock conductivity, which generally are calculated as the
apparent resistivity, change the strength and phase
relationship of the returned secondary field measured
with the receiver.

Electromagnetic Surveys
for Sand and Gravel

The depth of exploration depends on several factors:
the frequency of the EM signal, the sensitivity of the
receiver, and the resistivity of the ground. The penetra-
tion increases as the EM frequency decreases. By em-
ploying five different frequencies, the DighemV system
is able to sample the ground at different depths, build-
ing a three-dimensional picture of the distribution of
resistivity in the ground. For example, in ground of 10
ohm-m resistivity, the spread of frequencies will
roughly sample between surface and 60 m deep. Sensi-
tivity is controlled by the quality of the electronics, and
by the ability to see the weak secondary field through
the powerful primary field. Dighem accomplishes this
by moving the receivers as far as practical from the
transmitters, 8 m. Increasing resistivity allows the EM
fields to penetrate deeper into the earth, increasing the
depth of exploration.

Sand-and-gravel deposits are generally more resis-
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Figure 1. Saskatchewan DighemV test survey, 56,000-Hz coplanar apparent resistivity.

tive than the surrounding glacial tills or lake sedi-
ments, which generally are high in clay minerals. The
strength of the anomaly from the aggregates depends
on several factors: the clay content of the aggregate, the
thickness of the deposit, the porosity and hence water
content of the sands, and the salinity of the water.
Additional clay in the sand will make it less resistive,
and thus more like the surrounding clay-rich tills. The
thicker deposits occupy a larger percentage of the vol-
ume of ground that the system samples, and so provide
a better measure of the real resistivity of the deposit
and a better contrast to the surrounding tills. Increased
water content, commonly due to increased porosity
relative to the clays, can make a clean deposit less re-
sistive. Saline water can make a sand lens highly con-
ductive.

The shape of the anomaly on the map can be used to
define the shape and extent of the deposit.

The relationship of EM response to water content
and salinity has been used many times to map ground-
water resources, for detection of freshwater and for
salinity mapping.

The system is positioned by real-time differential
GPS, and magnetic data and a video of the ground
track are collected with the EM. The magnetic data can
help interpret the changes in bedrock, as well as cul-
tural interference. The ground-track video helps to
verify position and to identify surficial features and
culture. A 60-Hz detector will identify artificial power
sources—power lines and buildings.

TEST SURVEY

The test area flown for the Saskatchewan govern-
ment was 3 km by 5 km (Fig. 1) and is covered by
interlayered sand and glacial till. There were six drilled
areas before the survey was conducted. All of the previ-
ously known gravel deposits were detected and mapped
by the HEM survey, and some new deposits were de-
tected as well. In this location, the depth to bedrock is
>150 m; thus, bedrock does not affect the data. The
background clay and till resistivity is in the range of 1-
10 ohm-m.

Results
Anomaly A

The previously known deposit at locality A (Fig. 1)
appears as a strong anomaly of 30 ohm-m, indicating
that it is thick and large. The data show that the
strongest part of the anomaly—hence, the best part of
the deposit—is between the two groups of holes drilled
on this test area. This is just north of the arrow from lo-
cality A. The drilled holes (round gray dots) cover most
of the anomalous zone, which extends a few hundred
metres west of the north end of the drilled areas and
south 700 m. The resistivity highs are weaker to the
south, suggesting either that the deposit is thinner or
that it has a higher clay content.

The drill results for this deposit show an average
depth to the top of 1.5 m to 2 m. A few holes in the cen-
tre of the deposit that were drilled beyond 4 m showed
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Figure 2. Drill section and resistivity profile through test survey (Fig. 1), Sto S".

a depth of 10 m or more to the bottom. A section cutting
south-southeast through the long axis of the deposit at
locality A (Fig. 2) shows the drilled depth to gravel (if
any) for all the drill holes along that section, compared
with a profile of the apparent resistivity. Although
many of the drill holes stop at 4 m, whether or not in
gravel, the two deep holes (20 and 43) show thatitis a
thick deposit. Along with the two holes that hit no
gravel at all (32 and 35), the data show that a good cor-
relation exists between the thickness and extent of the
gravel beds and the resistivity. Note that the drill sec-
tion has considerable vertical exaggeration.

This example also demonstrates how the airborne
EM data and the drill information complement each
other. Whereas the drill results are definitive about the
depth, thickness, and grade of the deposit, they repre-
sent data at only one location, a few centimetres across.
The HEM data are less definitive but cover a large area
completely, quickly, and cheaply. Once a probable de-
posit has been found, drilling can be targeted on the
best zones. Only a few drill holes are needed initially to
give some ground truth to the resistivity data, allowing
a more accurate quantitative assessment of the deposit
depth, thickness, and total volume.

Anomaly B

The weaker anomaly over the known deposit at lo-
cality B (Fig. 1) is a thin deposit that is currently being
exploited. This anomaly is not as strong as that at lo-

cality A. It is strongest at the north end—about 16
ohm-m, and extends north of the drilling shown on the
map. Drill results here show an average depth to the
top of the sand and gravel of about 1-1.5 m. Where the
drill was pushed through the deposit, the depths to the
bottom were about 8 m.

Anomaly C

The deposit at locality C (Fig. 1) is a very thin, small
deposit. The anomaly is quite weak, only about 12
ohm-m. The drill results show that the depth to the top
averages a metre or less. The thickness is typically 2-
3 m, except at the very centre, where the apparent re-
sistivity anomaly is strongest, and where the bottom is
beyond the 4-m depth of the drill holes.

Anomaly D

A previously unknown deposit was detected at local-
ity D (Fig. 1), which has been confirmed by drilling
based on the DighemV resistivity survey. This arcuate
anomaly extends outside the survey area at both of its
northern ends, so that the full extent is not mapped. It
is strongest and widest at the northwest end, where the
resistivities rise to about 28 ohm-m. This suggests a
thickness of 10 m or greater.

Anomaly E

The anomaly at locality E (Fig. 1) has not yet been
tested, but appears to be a new deposit of significant
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thickness and size. This is the largest anomaly on the
property (not the “strongest”); it covers a roughly semi-
circular area of 800 m by 1200 m and appears to extend
off the edge of the survey area. Thus, its total extent is
unknown. The highest resistivities are about 25
ohm-m; thus, the deposit appears to have both eco-
nomic size and thickness.

The results from these test areas show an excellent
correlation between the extents of the deposit and not
only the location of the EM anomalies, but also the
strength of the anomalies. Coverage of the area took
about 2 hours, and colour maps of the apparent resis-
tivity were completed the same day.

The 7,200-Hz resistivity data are generally more
resistive than the 56,000-Hz data, and represent a
deeper “sample” of the earth (8~15 m), so any anoma-
lies may come from deposits too deep to be of interest.
However, these anomalies will also represent thicker
deposits, because the lower frequency samples a
greater depth and is less sensitive to narrow zones.

Modelling

The depth to bedrock in this area is about 150 m
(Saskatchewan Water Resources Map NTS 73A).
Where the bedrock is shallow, it also can create a resis-
tivity-high anomaly. These anomalies can be distin-
guished from the near-surface sand and gravel by the
relative strengths of the anomalies on the shallow and
deeper frequencies. The artificial model in Figure 3
shows a vertical resistivity section for a typical situa-
tion. The bedrock varies from deep to shallow across
the section, with ridges at R1 and R2. There are also
gravel lenses in the till at G1 and G2. The ridge R1is

mapped by the lowest frequency, but it is too deep to
see on the highest frequency and would not concern us.
Only the higher frequencies map deposits at economic
depths. The high frequency resistivity over the ridge at
R2 is comparable to the resistivity over the gravel de-
posits, but, by examining the next lower (deeper) fre-
quency at the gravel anomalies, we can see that the
resistivity maps the conductive till under the gravel. At
the bedrock ridge, the resistivity of each lower fre-
quency keeps getting higher, showing the interpreter
that we are exploring deeper into the bedrock rather
than a gravel lens.

CONCLUSIONS

The success of this test survey led to further produc-
tion work, over nine areas for a total of 700 km? (273
miZ). Several economic deposits have been located by
the work, some of which would not have been located
using air photos. It has been estimated that cost sav-
ings up to $750,000 already have been realized from
the survey results, with a number of identified anoma-
lies still to be followed up on the ground.

Along with the extensive gravel deposits, the
Digham? resistivity survey located shallow sources of
fresh groundwater and areas of high clay soils. The
ability to locate freshwater aquifers is crucial for farm-
ing as well as for environmental site studies.

ACKNOWLEDGMENTS

We would like to thank the Saskatchewan Highways
and Transportation Department for granting permis-
sion to show these data.



318

REFERENCES CITED

Barsotti, A. F., 1999, An overview of the status of indus-
trial minerals in the United States, in Johnson, K. S.
(ed.), Proceedings of the 34th forum on the geology of
industrial minerals, 1998: Oklahoma Geological Survey
Circular 102 [this volume], p. 235-249.

Derry, D. R., 1980, World atlas of geology and mineral
deposits: Mining Journal Books, Ltd., London, p. 92—

Greg Hodges and Michael Latoski

101.

Giancola, Diane (ed.), 1997, Canadian mines handbook:
Southam Mining Publications Group, Toronto, Ontario,
574 p.

Jenson, M. L.; and Bateman, A. M., 1981, Economic min-
eral deposits: John Wiley and Sons, New York, p. 506—
524,

Saskatchewan Water Resources Map NTS 73A, compiled
by W. A. Meneley: Saskatchewan Research Council.



Oklahoma Geological Survey Circular 102, 1999

Industrial Minerals in the Caribbean

Peter W. Scott
Camborne School of Mines
University of Exeter, Redruth
Cornwall, England

Trevor A. Jackson
Department of Geography and Geology
University of the West Indies, Mona
Kingston, Jamaica

ABSTRACT.—The Caribbean islands, with their very diverse geology, are a source of
several industrial minerals both for their own domestic consumption and for export.
The geology of the Greater Antilles, which comprises Cuba, Hispaniola, Puerto Rico,
and Jamaica has a Mesozoic or pre-Mesozoic basement overlain by sediments and
volcanics, the latter being dominantly island arc in character. Later granitoid intru-
sions were emplaced. Obduction of ophiolites also occurred variously from the mid-
Cretaceous to the Palaeogene. Thick accumulations of limestones surround the older
strata, along with Neogene and younger sediments. The Lesser Antilles islands form
an arcuate chain, mainly of volcanic rocks of calc-alkali or sub-alkaline affinity with
some younger limestones and siliciclastic sediments. Trinidad and Tobago have closer
similarities with the South American continent in their geology. Tobago has a meta-
morphic complex, juxtaposed with a volcanic-plutonic complex, and limestones.
Trinidad has very thick Cretaceous to Recent exposed sedimentary sequence. The
current exploitation of industrial minerals in the Caribbean is dominated by construc-
tion raw materials (mainly sand and gravel, limestone, and cement), although there
is extraction of gypsum, silica sand, marble, clay (almost entirely for construction use),
pumice, and natural asphalt. Salt is obtained from solar evaporation of seawater.
Limestone of high purity and high brightness, gypsum, pumice, and high-density ig-
neous rock have potential for further development of their markets, particularly ex-
ports. Potential new and undeveloped industrial-mineral resources include residual
and sedimentary kaolin, bentonite, zeolites, magnesite, and tale. Cuba could be a

source for many industrial minerals in the future.

INTRODUCTION

The Caribbean islands are mainly independent na-
tions. Those of the Greater Antilles (Fig. 1) make up
the larger islands and comprise Cuba, Hispaniola
(Haiti and the Dominican Republic), Puerto Rico, and
Jamaica. Smaller islands include the Cayman Islands
and the numerous islands of the Bahamas and the Vir-
gin Islands; but a major part of the Caribbean is the
Lesser Antilles island-arc chain, which includes the
independent St. Kitts and Nevis, Antigua and Bar-
buda, Dominica, St. Lucia, St. Vincent, and Grenada as
well as the French-owned Antilles of Guadeloupe and
Martinique, and the British Crown Colonies of Mont-
serrat and Anguilla. To the west of the chain lies the
isolated island of Barbados, and immediately adjacent
to the South American continent is the twin island
Republic of Trinidad and Tobago. There are very con-

siderable differences in the wealth and economic activi-
ties of the islands as illustrated in the approximate
income per capita data of Table 1. Apart from Puerto
Rico, which has virtually no mineral exploitation and
is heavily subsidised from the United States, the
Greater Antilles are relatively poor nations. Haiti is
one of the poorest countries in the world. The Lesser
Antilles have a greater wealth mainly generated
through tourism. Through its oil production and asso-
ciated manufacturing activities, Trinidad and Tobago
has an overall higher income than several of the
smaller countries. Some islands such as the Caymans
and Bahamas gain their increased wealth through
tourism or as havens for tax exiles. The English-speak-
ing Caribbean countries are economically joined to-
gether through CARICOM, which encourages inter-
island trade and natural-resource utilisation, including
minerals.

Scott, P. W.: and Jackson, T. A., 1999, Industrial minerals in the Caribbean, in Johnson, K. S. (ed.), Proceedings of the 34th
forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 319-328.

319



320

P. W. Scott and T. A. Jackson

I

S, -
- Ko™ =
o o
; = " g LESSER
7o
Q
Q ANTILLES
q
*  SBARBADQOS
< TRINIDAD &

70°w 60°

TOBAGO
10° —

l

Figure 1. Map of the Caribbean showing the main islands: H, Haiti; DR, Dominican Republic; PR, Puerto Rico.

The purpose of this paper is to relate the industrial-
mineral resources of the Caribbean islands to the geol-
ogy, and to describe the current utilisation of the indus-
trial minerals and the potential to supply new markets,
including exports outside the Caribbean. The data have
been obtained through literature searches; from the
authors’ visits to industrial-mineral operations on
many of the islands; and through discussions with
other academic, government, and independent person-
nel working on the islands. The data are accurate and
up-to-date as far as possible, but for some islands and
for Cuba in particular, much recent literature, maps,
and other knowledge of the industrial-minerals re-
sources are not readily available. The contents of the
paper are inevitably somewhat biased toward the
English-speaking, British Commonwealth parts of the
Caribbean. The final part examines the geology of the
Caribbean, especially Cuba; gives an indication of the
industrial-mineral deposits; and suggests others that
might occur and be worthy of exploitation. The islands
on the northern margins of South America (e.g., Aruba,
Bonaire, and Curacao) are excluded from this study,

but it is known that Margarita Island, which is part of
Venezuela, has deposits of magnesite (Abu-Jaber and
Kimberley, 1992).

The geological setting of the major mineral resources
of the Caribbean region, mostly metals and a few in-
dustrial minerals, are described in Kesler and others
(1990). More detailed treatment of the industrial-
mineral resources of the English-speaking Caribbean
are found in Fenton and others (1984), Scott and Jack-
son (1994), and Drakapoulos (1996). Several descrip-
tions of individual industrial-mineral deposits or re-
sources in individual countries are found in Lyew-Ayee
(1981), Drakapoulos (1991), and Lyew-Ayee (1997).
Fenton (1981) describes the mineral resources of Ja-
maica, and Geddes (1985) and Henry (1997) give an
overview of the industrial minerals. The development
of industrial minerals in CARICOM countries is de-
scribed in United Nations (1998). Tomblin and Tomblin
(1985), Barker and Gordon (1987), and Marshall (1981,
1982) give details of the industrial-mineral resources of
the Lesser Antilles, Barbados, and Trinidad and To-
bago, respectively. A bibliography of published litera-
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Table 1.—Approximate Income per Capita
for Some Caribbean Islands

$US
Greater Antilles
Cuba 1,500
Haiti 200
Dominican Republic 1,500
Puerto Rico (U.S.) 10,700
Jamaica 1,300
Lesser Antilles
Antigua 6,600
Martinique (France) 7,700
Dominica 2,700
St. Lucia 2,200
St. Vincent 1,800
Barbados 6,000
Grenada 2,400
St. Kitts and Nevis 3,100
Others
Cayman Islands 29,300
Bahamas 11,600
Trinidad and Tobago 4,300

Note: Data from various statistical sources, dated
1995-96, and rounded to nearest $100.

ture and reports on the industrial rocks and minerals of
Trinidad and Tobago is given in Salisbury (1992). Short
descriptions of the industrial-mineral resources of
Cuba are presented in Geologia y Mineria 98 (1998),
including reference to a 1:500,000 map of the nonmetal-
lic mineral resources of the country (Batista Gonzalez
and others, 1998). Numerous other papers on indi-
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vidual industrial-mineral resources exist, and relevant
ones are referenced in the text below.

GEOLOGY OF THE CARIBBEAN ISLANDS

The Greater Antilles islands of Cuba, Hispaniola,
Puerto Rico, and Jamaica have a Mesozoic or pre-Meso-
zoic basement, mostly of deformed sedimentary and
metamorphic strata of island-arc terrane, overlain by
sediments and, rarely, younger volcanics. In Cuba, the
older tectonic units throughout much of the island are
composed of a complexly deformed orogen arising from
the collision of a Cretaceous island arc with the Juras-
sic-Cretaceous sedimentary rocks of the Florida-
Bahamas platform (Lewis and Draper, 1990; Draper
and Barros, 1994). The different structural units con-
tain a wide range of geosynclinal-type siliciclastic sedi-
ments, pelagic sediments, calc-alkali volcanics and
quartz diorites, granodiorites and granites (Lidiak and
Jolly, 1996), basic intrusives, and major units of lime-
stones and dolomites. Metamorphic equivalents of
some of these rocks are also represented as phyllites,
schists, gneisses, migmatites, marbles, and calc-silicate
rocks. They have both low temperature-high pressure
(glaucophane-pumpellyite facies), and high tempera-
ture—medium pressure characteristics (garnet, mica,
andalusite, kyanite, sillimanite, staurolite) in different
parts of the island. Evaporites are common and com-
monly have diapiric structures. Oceanic crustal rocks
were caught up in the collision and are now repre-
sented by major ophiolite units, containing significant
serpentinised ultramafics and gabbros. In southeastern
Cuba, the Sierra Maestra is characterised by a Ceno-
zoic (Palaeocene to middle Eocene) volcanic-plutonic-
arc complex. Middle Eocene to Recent, mainly un-
deformed post-orogenic sediments are siliciclastics and
carbonates. They separate the older tectonic units. Fig-
ure 2 is a cross section through central Cuba, illustrat-

@ Upper Jurassic -

@ Upper Jurassic -
Senonian Palaeocene

(miogeosynclinal facies) (platform facies)
D Palaeocene - Cretacequs
Middie Eocene (greywackes)

Upper Eocene -
Miocene volcanics,

greywackes

Granitic rocks

- Aptian - Senonian []I[m Amphibolite

Jurassic

evaporites, carbonates

- Serpentine - gabbro Pre- Upper Jurassic

complexes
(ophiolites)

metamorphics

Pre-Mesozoic ('?)
basal crystalline complex

Figure 2. Sketch cross section of central Cuba illustrating the very varied geology of the island. Modified and simplified after
Draper and Barros (1994). The section is approximately 75 km across.
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Figure 3. Simplified geological map of Jamaica showing locations of industrial mineral resources: L, limestone; D, dolomite;
M, marble (including recrystallised limestone); G, gypsum; Si, silica sand; C, clay (kaolin); SG, sand and gravel.

ing the relationship between the different tectonic
units.

Hispaniola contains a similar wide range of litholo-
gies to Cuba, forming basement structural units of
complex island-are terranes separated by younger Neo-
gene sediments. The older Cretaceous and pre-Creta-
ceous strata occur in belts of metamorphic rocks in the
North Coast and Central mountainous parts of the is-
land. They contain greenschists, greenstones, felsic
metavolcanics, marbles, gabbros, and serpentinised
peridotites of ophiolitic origin, along with other
volcanics and volcaniclastics and late Cretaceous to
early Tertiary granitoid plutons (LLewis and Draper,
1990; Draper and others, 1994). The southwest part of
the island has a late Cretaceous oceanic plateau of
basalts and intercalated sediments. Extensive pelagic
limestones were deposited during the Eocene. Oli-
gocene and younger Neogene and Recent sediments are
of considerable thickness, sometimes many kilometres,
and are siliciclastic, sometimes conglomeratic, and
karstic and raised reef limestones. Puerto Rico and the
adjacent Virgin Islands are similarly composed of a
Mesozoic to Palaecogene deformed island-arc terrane
separated by younger Tertiary (Oligocene-Miocene)
limestones and Pliocene-Recent siliciclastic sediments.
Lavas and volcaniclastic sediments intruded by

granitoids occur in the central and eastern part of
Puerto Rico. The southwest igneous zone of the island
contains ophiolitic serpentinites, cherts, and amphibo-
lite, along with lavas, volcaniclastic sediments, and
limestones (Lewis and Draper, 1990).

The geology of Jamaica (Fig. 3; Robinson, 1994) is
dominated by limestone of Tertiary age, separating
older island-arc lavas, volcaniclastics, minor lime-
stones, and granodiorites of Cretaceous age, some re-
gionally metamorphosed strata, and a small disjointed
ophiolite with serpentinised peridotites, gabbros, and
basalts. The metamorphics and ophiolite occur only
locally in the Blue Mountains. The older strata are ex-
posed in erosional inliers throughout the island. A
northwest-southeast—trending belt of thick (7 km)
dominantly siliciclastic sediments, but also with some
minor limestones and evaporites, and intercalated
volcanics occurs as a fault-bounded half-graben struc-
ture. Pliocene, Pleistocene, and Recent limestones
dominate the northern coastal part of the island,
whereas the youngest sediments along the south coast
are sand-and-gravel alluvium and minor associated
clays.

The smaller islands of the Lesser Antilles form an
arcuate chain extending southward to the South
American continent. The chain splits into two in the
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Figure 4. Simplified geological map of Trinidad showing location of industrial-mineral resources. After Scott and Jackson (1994).

northern part giving rise to the so-called Limestone
and Volcanic Caribees. The Limestone Caribees in-
cludes the islands of Anguilla, St. Marten, Barbuda,
Antigua, and the eastern part of Guadeloupe, the
strata being dominated by Cenozoic limestones overly-
ing older volcanics. The Volcanic Caribees includes
Saba, St. Kitts, Nevis, Montserrat, the western part of
Guadeloupe, Dominica, Martinique, St. Lucia, St.
Vincent, the Grenadines, and Grenada. Igneous rocks
are almost exclusively present (Wadge, 1994). The
volcanics range through Mg-rich alkaline basalts to
tholeiitic calc-alkaline basalts, andesites, dacites, and
rhyolites. Air-fall and ash-flow pyroclastics are com-
mon, and there has been much reworking of the volca-
nic material into thick alluvial sediments both between
separate volcanic episodes and after cessation of activ-
ity. Some islands (e.g., Montserrat) still have active vol-
canic centres. Barbados differs geologically from
the other islands. It evolved as an accretionary prism
and is the only exposure above sea level of the Barba-
dos Ridge, which is east of and separate from the
magmatic arc. The island is dominately made of Pleis-
tocene coral reef deposits, but, beneath these and ex-
posed over about a quarter of the island’s area, are ra-
diolarian marls, intercalated with ash bands of Eocene

age, and a quartzose-sandstone- and mudstone-turbid-
ite sequence (Scotland Formation). These older sedi-
ments have undergone polyphase deformation, but
are essentially unmetamorphosed (Ladd and others,
1990).

Trinidad and Tobago have closer similarities with
the geology of the northern margins of the South
American continent than the rest of the Caribbean. In
Tobago, basement strata of greenschist-facies metavol-
canics, possibly of oceanic island-arc setting, mica
schists, quartzites, and phyllites, together with minor
graphitic schists and cherts, form the basement (Jack-
son and Donovan, 1994). These strata are in faulted
contact with an ultramafic-gabbro-diorite intrusive
suite (Frost and Snoke, 1989). A volcanic group of ba-
salt and andesite flows, volcaniclastic breccias, and
tuffs overlies the basement strata and is intruded by a
suite of ultramafic gabbro-diorite intrusives. Neogene
sandstones, conglomerates, and limestones complete
the sequence. In Trinidad (Fig. 4; Donovan, 1994), a
northern range of hills includes low-grade metamor-
phosed limestones, phyllites, and quartzites with minor
volcanics. The remainder of the island contains a small
amount of Upper Cretaceous siliciclastic sediments and
limestones, but mainly is made of a thick sequence of
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Tertiary and Quaternary sandstones, mudstones,
clays, gravels, and some limestones that are deformed
in series of thrust faults and fold belts, cut by a number
of major strike-slip faults, and disrupted by mud
diapirism in places.

CURRENT EXPLOITATION OF
INDUSTRIAL MINERALS

The islands of the Greater Antilles have the most
varied geology, and thus the presence of industrial
minerals in suitable quantities for exploitation might
be expected to be much greater compared with the
smaller islands. This may be the case and is discussed
below, but the extent of exploitation does not reflect
this situation. For example, there appears to be virtu-
ally no extraction of industrial minerals in Puerto Rico
other than of construction materials and cement manu-
facture, and some salt and lime production. In Cuba,
there is extraction of chromite from ultramafic rocks,
gypsum, and salt (British Geological Survey, 1995).
Although not shown in international statistics, it is
likely that industrial minerals other than construction
materials, such as clay for ceramics and limestone for
lime, are exploited in small amounts to supply the
country’s self-sustaining industries. In the Dominican
Republic, limestone is exploited for cement and lime;
and gypsum and salt are extracted. There is some non-
metallurgical use of the country’s bauxite. Cement is
produced in Haiti (22.3 x 103 tonnes in 1992-93), and
there is further extraction of limestone and marble.

A summary of the mineral-based industries of Ja-
maica, Trinidad and Tobago, and the Lesser Antilles is
given in Table 2. The sugar industry is included as it is
important in several islands and consumes lime. Alu-
mina production from bauxite is important in Jamaica,
also using lime. Although Jamaica is a major producer
and exporter of bauxite, it is high in Fe,O,, and has no
uses other than for Bayer alumina and aluminum pro-
duction. Many of the industries in Table 2 are at least
partly supplied by local industrial minerals, and there
is some interisland trade in industrial minerals. For
examples, limestone from Barbados is exported for
glass making in Trinidad; gypsum from Jamaica sup-
plies the Trinidad cement industry; cement from
Trinidad supplies much of the Lesser Antilles, as does
lime from Jamaica and Barbados. Table 2 lists the cur-
rent exploitation and uses of industrial minerals in
these countries and Barbados, and the locations of in-
dustrial-mineral deposits in Jamaica and Trinidad are
shown in Figures 3 and 4.

The use of industrial minerals is dominated by the
construction industry, which in Jamaica and the Lesser
Antilles has increased considerably in recent years
with the expansion of tourism. Sand and gravel in Ja-
maica is exploited mainly from active river-channel
deposits in the major rivers draining to the south coast.
Their petrography is dominated by volcanic and
volcaniclastic rocks and limestone in the centre part of
the island and by volcanic and metamorphic rocks with
minor plutonics (including gabbro and serpentinite)
and limestone in the rivers draining the Blue Moun-
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Table 2.—Industrial Minerals in Jamaica,
Trinidad, and the Lesser Antilles

(A) Existing Mineral-Based Industries

Jamaica: Construction, cement, alumina, glass,
ceramics (local craft pottery), (sugar)

Trinidad: Petroleum/petrochemicals, construction,
cement, steel, glass, ceramics (craft
pottery, bricks and tiles)

Lesser Antilles: Construction, (sugar)

(B) Current Exploitation of Industrial Minerals

Jamaica: Sand and gravel (construction)
Crushed rock (limestone) (construction)
Limestone (cement, lime, export)
Gypsum (cement, alabaster carvings,
export)

Silica sand (glass, abrasive, filtration)

Marble (mainly recrystallised lime-
stone) (dimension stone)

Common clay (cement)

Kaolin clay (minor use for artisan and
craft pottery)

[Bauxite (Bayer alumina and aluminum
only)]

Trinidad
and Tobago: Sand and gravel (construction)

Crushed rock (limestone, quartzite,
porcellanite, volcanic rock in Tobago)
(construction)

Limestone (cement)

Silica sand (glass)

Common clay (bricks, tiles, artisan pot-
tery when off-white or white firing)

Natural asphalt (bitumen, construction)

Lesser Antilles: Sand and gravel (construction)
Crushed igneous rock (construction)
Limestone (construction, lime)
Scoria (construction)
Pumice (construction, export)
Common clay (bricks, tiles)
Salt (food preservation and domestic)

Barbados: Sand (construction)
Limestone (construction, cement, lime)
Clay (bricks, tiles, artisan pottery)

tains in the east of the island. The silica-sand deposit in
the west of Jamaica is Recent fine-grained alluvium,
interbedded with clay (West-Thomas, 1989). The Ter-
tiary limestones are the other major source of aggre-
gate in Jamaica. In Trinidad, sand-and-gravel deposits
are quartzite rich, forming as Pleistocene terraces on
the lower lying areas immediately to the south of the
Northern Range of mountains, which provided the
source area. The silica sand, most likely, has a similar
origin. Sand-and-gravel deposits in the Lesser Antilles
are mostly reworked volcanics. Basaltic scoria provides
a useful uniform-sized, dense, hard aggregate in some
islands (Rajpaulsingh and Scott, 1997). Pumice is much
used for concrete-block making where it is available,
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and it is exported. Sand from beaches, mostly but not
exclusively volcanic in origin, has been used tradition-
ally as a source of fine aggregate in the smaller islands.
Extraction from this source has now mostly ceased,
although older carbonate beach sand from behind the
present beach is extracted in Antigua. Extraction of
sand from beaches has created oversteepening and ero-
sion in some of the smaller islands.

Cement production in Jamaica is based on the rela-
tively pure limestone from the Tertiary Newport For-
mation calcined with shales from the Wagwater Group
located some distance away (as far as 25 km) from the
works. In Trinidad, the limestones of the Miocene
Guaracara Formation, which have a variable purity,
are blended to give the correct composition for the ce-
ment kiln. Unlike much of the Caribbean, Trinidad
produces clay bricks and tiles from Pliocene red-firing
clays. White-firing clays are used only in very small
amounts by local potters for artisan and craft ware.

The gypsum in Jamaica is part of the Palaeogene
Wagwater Group. It is much disjointed by faulting into
several separate worked areas. It is associated with
anhydrite, which occurs as cores to lenses of gypsum
(Blackwood, 1997) and some limestone. The marble
industry in Jamaica is mostly based on pale-grey to
white recrystalised limestone of the Tertiary Newport
Formation, although some true marbles of varying
colours and textures are present and exploited in the
Blue Mountains.

Porcellanite is a naturally burnt clay occurring
mainly in the southwest of Trinidad. It is used as an
aggregate (Mootoo and Suite, 1992), because other suit-
able hard rocks are lacking in that part of the country.
In concrete mixes, it imparts some additional strength
through its pozzolanic properties. The natural asphalt,
found in the famous Pitch Lake in Trinidad, and other
bituminous sands are used extensively on roads in the
country. Bitumen is extracted from the Pitch Lake and
is exported. Salt is obtained from solar evaporation of
seawater in some of the islands of the Lesser Antilles
and in the Bahamas (British Geological Survey, 1995).

In Barbados, limestone is mostly of high purity. Itis
used for dimension stone, as an aggregate, and, more
recently, for cement production and for lime (Barker,
1997). Sand and clay are extracted from the Scotland
Formation.

FUTURE POTENTIAL FOR INDUSTRIAL
MINERALS IN THE CARIBBEAN

The two aspects to be considered here are, first, the
development of markets for the known resources, and,
second, the potential for finding new deposits of indus-
trial minerals, both for indigenous manufacturing in-
dustries and for export. All of the industrial minerals
currently exploited are low-value commodities, where
transport is a significant proportion of the cost to the
consumer. However, the Caribbean islands have an
advantage over many inland continental areas in that
all the existing and potential industrial-mineral re-
sources are near a coastline. Sea transport by container
or bulk carrier from the Caribbean is a relatively cheap
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Table 3.—Industrial Minerals in the Caribbean
with Potential for Market Development

Limestone High-purity white limestone from
Jamaica, Cuba, Haiti, Barbados

Gypsum Jamaica, Cuba, Dominican Republic

Pumice Dominica, St. Lucia, Martinique,

Guadeloupe

High-density basalts from Grenada,
St. Vincent, St. Lucia, and other small
islands

Igneous rock

way of taking raw materials to the eastern and south-
ern seaboards of North America. If the industrial min-
erals can meet the required specifications in terms of
quality and quantity, they should be able to compete
with many other North American sources of similar
minerals.

Four industrial minerals that are currently ex-
ploited and have potential for market development
(Table 3) are limestone, gypsum, pumice, and high-den-
sity igneous rock. Much of the limestone in Jamaica,
Haiti, and Barbados is pale grey to white in colour and
of high purity and brightness. Measured properties of
some in Jamaica and Haiti show >98% CaCO4 and
powder dry brightness >92% (Henry and others, 1991;
Michel and others, 1991; Henry 1997). A substantial
investment (Anonymous, 1998) currently is being made
to develop a ground-calcium-carbonate plant in Ja-
maica to produce white-filler and glass-grade limestone
products. Production of gypsum and exports from Ja-
maica have increased considerably in recent years
(82,000-204,000 tonnes produced between 1990 and
1994; British Geological Survey, 1995); but, as the oc-
currence of gypsum is quite localised and disturbed by
faulting, the total resource may not be extensive. How-
ever, the geology of Cuba indicates that substantial
resources of gypsum could be present in that country.
The same may be true for Hispaniola. The estimated
rate of extraction of gypsum in Cuba in recent years is
quite low (125,000 tonnes per annum, British Geologi-
cal Survey, 1995). Pumice is available in large quanti-
ties in the Lesser Antilles islands where acid volcanism
dominates, such as Dominica and St. Lucia. The
French Antilles, Martinique, and Guadeloupe have
exported significant amounts (250,000 tonnes) annu-
ally. Those islands where there are large volumes of
fresh olivine and pyroxene phyric basalts at the sur-
face, such as in Grenada and St. Vincent, have poten-
tial to provide high-density blocks of igneous rock for
use as armour stone (e.g., Rajpaulsingh and Scott,
1997) for coastal protection in low-lying areas, such as
the U.S. states bordering the Gulf of Mexico.

The available literature on the geology of the Carib-
bean islands can be used to indicate potential undevel-
oped resources of industrial minerals. Also, knowledge
of the geological setting can be used in a predictive
mode to suggest the presence of others. Industrial min-
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Table 4.—Potential Undeveloped and
Predicted Industrial Mineral Resources
in Some Caribbean Islands

Cuba (Batista Gonzalez and others, 1998; Perez Nevot
and others, 1998)

Silica sand and vein quartz (Leyva Rodriguez, 1998),
bentonite (Rueda Lopez and others, 1998), limestone,
dolomite, marble, phosphate, palygorskite, semi-
precious stones (Coutin and Nagy, 1976), kaolin,
magnesite (residual), zeolites (Borrero Guevara and
others, 1998), pumice and pozzolan (Coutin and
others, 1976; Coutin and Torres, 1998), feldspar
(Coutin Correa and Pantaleon Vento, 1976), talc,
asbestos (chrysotile and amphibole) (Coutin and
others, 1998), barite, garnet, serpentine, olivine
(Leyva Rodriguez and others, 1998), graphite, mica
(Montejo Serrano and others, 1998), salt, wollastonite
(Fattah, 1994), diatomite (Nagy and Coutin, 1976),
andalusite (p), chromite (Gonzalez Ponton, 1998;
Munoz Gomez, 1998), Fe and Mn oxide pigments (p)

Hispaniola (mainly Dominican Republic)

Kaolin (residual and sedimentary) (p), bentonite (p),
chromite (p), magnesite (p), talc (p), alunite (p),
limestone (Michel and others, 1991)

Puerto Rico (Cadilla, 1966)

Kaolin for ceramics (sedimentary and residual), ben-
tonite, feldspar, quartz, mica, gypsum, bat guano
(phosphate)

Jamaica (Drakapoulos, 1996)

Kaolin (residual and sedimentary) (Hill, 1978), dolo-
mite, bentonite (p), heavy mineral sands (Geddes,
1981), marble (Busby, 1985)

Lesser Antilles (Tomblin and Tomblin, 1985; Fenton,
1991)

Bentonite (p), zeolites (p), sulphur, alunite (p), barite
(Antigua)

Trinidad and Tobago
Kaolin (sedimentary)

Note: A reference following the country name refers to a
publication with information on several industrial minerals.
Where the reference follows a mineral name it refers specif-
ically to that mineral. (p) refers to a prediction that the geo-
logical setting indicates the likely presence of the industrial
mineral but no reference is found in the literature. A list of
the Caribbean Geological Conferences up to and including the
11th, is given in Draper and Dengo (1990). Rocks used solely
for low value construction uses are excluded.

erals in these categories are given in Table 4, along
with the bibliographic sources of information, where
appropriate. Many of these industrial minerals may be
no more than “mineral occurrences” and some others
may provide only minor amounts of mineral product for
low-value uses. However, some appear to have real
potential for development and are at least worthy of
further investigations.

P. W. Scott and T. A. Jackson

Deposits of residual kaolin worthy of exploitation,
arising from the deep tropical weathering of granodior-
ites and related acid intrusions, may exist in Jamaica,
Cuba, Dominican Republic, and Puerto Rico. In Ja-
maica, 46 m of intensive kaolinisation, giving a vari-
able, but commonly white kaolin, occurs over the Above
Rocks Granodiorite, to the northwest of Kingston,
which is the largest intrusion in the country. However,
because of the high rate of physical erosion, which gives
a very rugged topography, the kaolin is restricted to the
ridges of hills. In Cuba and the Dominican Republic,
where the topography is generally less severe, more
extensive deposits of residual kaolin might be present.
Sedimentary kaolin derived mainly from weathered
intermediate- and acid-plutonic rocks likely are to be
found in inland drainage basins in Jamaica, Cuba,
Hispaniola, and Puerto Rico.

There is presently no source of bentonite in the Car-
ibbean region, and zeolite deposits are reported only
from Cuba. This is surprising because of the abundance
of volcanic ash and tuff. These make ideal source rocks
for alteration to bentonite and zeolites, as in the
Aegean Islands, Greece, which are of similar age and
are host to substantial quantites of both minerals. The
most likely places for bentonite to be found in commer-
cial quantities are in Cuba, Dominican Republic, Ja-
maica, and the smaller islands, such as Martinique, St.
Lucia, and St. Vincent, where hydrothermal alteration
associated with the volcanism might have caused
bentonitisation. Alunite might similarly be present,
and alunite may also be associated with the epithermal
gold mineralisation in the Dominican Republic.

The ultrabasic rocks in the ophiolite complexes of
Cuba, Hispaniola, Puerto Rico, and Jamaica may be
sources of magnesium-rich minerals such as magnesite
and talc; however, a detailed study by the authors of
the small area of serpentinised ultramafic rocks in Ja-
maica did not find any of these minerals. It is likely
that Cuba with its very diverse geology, as illustrated
in Figure 2, has the potential to be a source for several
more industrial minerals in the future.
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Investment Opportunities in Industrial Minerals for
Small- to Medium-Scale Operations in Chile

Anibal Gajardo
Servicio Nacional de Geologia y Mineria
Santiago, Chile

ABSTRACT.—Because of the Chilean Ministry of Mining’s interest in the development
of industrial minerals, the Chilean Geological and Mining Service (Servicio Nacional
de Geologia y Mineria, SERNAGEOMIN) has carried out a research program during
the last two years to identify projects that represent interesting investment opportu-
nities for small- to medium-scale operations in Chile.

Most important of these projects are: (1) Quebrada Lluta aluminum sulphate, for
drinking- and industrial-water treatment, with a potential domestic and foreign mar-
ket of almost 43,000 tonnes per year and investments of about US$1.8 million; (2)
Quebrada Lluta—Quebrada Cardones pumice, for abrasives, filters, fillers, and light-
weight aggregates, with a potential market of about 30,000 tonnes per year, and in-
vestments of US$2.0 million; (3) E1 Maule dolomite, for soil conditioner and iron smelt-
ing, with a total potential domestic market of some 60,000 tonnes per year, and esti-
mated investments of US$2.0 million; (4) Las Escaleras bentonite, for animal feed,
pelletising, and oil absorbents, with a potential market of almost 6,000 tonnes per
year, and investments of about US$2.4 million; (5) Laraquete-Carampangue
andalucite, for alumina refractories, with a future total domestic and foreign demand
of about 15,000 tonnes per year, and estimated investments of US$2-2.5 million; (6)
Rio Lia garnet, for fillers and sand-blasting abrasives, whose domestic market repre-
sents 10,000 tonnes per year, with investments of US$2.3 million; and (7) Munilque
pumice, for building bricks and panels, with a potential domestic market of 250,000
tonnes per year, and investments of US$1.4 million.

The development of these projects will represent an important increase and a sig-

nificant diversification in Chilean industrial-minerals production.

INTRODUCTION

Due to the remarkable development of industrial-
minerals-mining activity in Chile in the last 10 years,
production and export volumes have grown 122% and
117%, respectively, between 1988 and 1997. The value
of this production also has increased from less than 5%
of the total income of Chilean mining activity to almost
10% in the same period.

Nevertheless, this panorama is related mainly to the
industrial-mining activity in medium- to large-scale
operations in Chile, represented by chemical/industrial
and construction sectors. The former sector, comprising
the producers of saline industrial minerals, accounts
for more than 97% of industrial-minerals exports
(Comisién Chilena del Cobre, 1997). The latter sector
accounts mainly for limestone, clays, gypsum, and
pumice used for cement products and wallboards
manufacture. These are the main industrial minerals

produced and consumed in Chile (Servicio Nacional de
Geologia y Mineria, 1997).

On the other hand, mining activity of small- to
medium-scale operations has grown at a very slow rate,
due to more-or-less restricted domestic markets,
related mainly to manufacturing and agribusiness
sectors. Even though, these industrial activities, com-
bined with the mining metallurgy and chemical
sectors, demand the greatest variety and quality of
industrial minerals, amounting to some 27 different
minerals.

Consequently, the Chilean Ministry of Mining is in-
terested in investigating deposits of domestic industrial
minerals that are a suitable supply for the various in-
dustrial sectors, and encouraging the economic devel-
opment of small- to medium-scale mining companies in
the country. Therefore, the Industrial Minerals Section
of the Chilean Geological and Mining Service, during
1996 and 1997, conducted a research program to iden-
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tify different investment opportunities for this type of
company (Gajardo, 1997). This program is based on
projects done in 1993 (Gajardo and Gutiérrez, 1993)
and in 1997 (Gajardo and Carrasco, 1997; Gajardo and
others, 1997).

INVESTMENT OPPORTUNITIES

Definition of these investment opportunities is based
on geological, technological, and economical informa-
tion gathered during the program development. Nine
projects whose required investments are less than
US$3 million were identified (Figs. 1-3), with the seven
most important projects described below. Projects are
related to aluminum sulphate for drinking- and indus-
trial-water treatment; pumice for abrasives, filters, fill-
ers, and lightweight aggregates; dolomite for soil condi-
tioner and iron smelting; calcium bentonite for animal
feed, pelletising, and oil absorbents; andalusite for alu-
mina refractories; garnet for sand-blasting abrasives
and filtration; and pumice for building bricks and pan-
els. Projects dealing with perlite for lightweight aggre-
gates and combarbalite for refractory clays are not
described.

Development of these projects requires private in-
vestment to determine the reserves, quality of the min-
erals, processing techniques, and detailed market de-
mands. Once in production, they will supply domestic
and foreign requirements for high- to medium-value
industrial minerals.

Quebrada Lluta Aluminum Sulphate Project

Production of aluminum sulphate for drinking- and
industrial-water treatment and for paper and pulp pro-
duction is the main objective of this project. The project
utilizes water-soluble alunogen deposits located some
44 mi east of Arica, I Regién (Fig. 2; Table 1) and is
based on regional, national, and foreign demand—the
latter mainly from neighboring countries, due to loca-
tion of the project area (Fig. 1). Domestic demand will
represent some 25,000 tonnes per year, according to in-
creasing paper and pulp production. Foreign demand,
mainly from Bolivia, is expected to be around 18,000
tonnes per year (Gajardo, 1997; Gajardo and others,
1997).

The basic process consists of leaching, filtration,
fractioned crystallization, and natural drying; the lat-
ter two steps utilize solar energy. Required invest-
ments are about US$1.8 million (Guarachi, 1995).
Substitution of aluminum sulphate and alumina im-
ports plus the creation of an industrial-mining activity
in an economically depressed area are the main
benefits of this project for the regional and national
economies.

Quebrada Lluta-Quebrada Cardones
Pumice Project

Production of abrasives, filters, and fillers is the
main objective of this project. A second objective is the
production of lightweight aggregates. It is based on
large pumice deposits located in Quebrada Lluta—
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Quebrada Cardones, 19-63 mi east of Arica, I Regién
(Fig. 2; Table 1), and on a growing domestic and foreign
market demand, especially from the United States.
This demand is due to environmental regulations that
will reduce U.S. domestic production, thus increasing
the need for imports (Gajardo, 1997; Gajardo and oth-
ers, 1997).

The U.S. demand is about 600,000 tonnes per year,
and the average import is some 200,000 tonnes per
year, with the main imports coming from Greece (85%),
Ecuador (7%), and Turkey (6%). Average price is
around US$25 per tonne (U.S. Geological Survey,
1997). Location of these Chilean pumice deposits close
to the sea, and thus closer to the U.S. Pacific Coast,
represents a great advantage over the other exporting
countries, including Ecuador, whose deposits are lo-
cated more than 150 mi from the seaport.

The basic process is grinding and classification, and
total investments are: US$2.0 million for an abrasives,
filler, and filter plant, with a production capacity of
5,000 tonnes per year; and US$1.3 million for a light-
weight-aggregate plant, with a capacity of 1,500 tonnes
per year (Corporacién de Fomento de 1la Produccién,
1995). Creation of an industrial-mining activity in the
Arica area and additional production of a commodity
exploited mainly for cement manufacture are the main
benefits of this project.

El Maule Dolomite Project

Production of soil conditioner and flux for iron smelt-
ing is the objective of this project. The project is based
on a known dolomite deposit, located some 67 mi south-
east of Talca, VII Regién (Fig. 3; Table 1), and on a
domestic demand of some 8,000 tonnes per year for
soil conditioner, and some 52,000 tonnes per year for
iron smelting (Garjardo, 1997; Gajardo and Carrasco,
1997).

The basic process is crushing, grinding, and classifi-
cation, and investment for producing soil conditioner
has been estimated at less than US$2.0 million. An
increase in regional production and an alternative min-
ing activity are the main benefits of this project.

Las Escaleras Bentonite Project

Production of calcium bentonite for the agribusiness
is the main objective of this project. The second objec-
tive is to supply bentonite for foundry molds and fish-
meal pelletiser. The project is based on a deposit with
about 600,000 tonnes of calcium bentonite and fuller’s
earth, located 29 mi east of Chillan, VIII Regién (Fig. 3;
Table 1). It is hoped to serve regional and national de-
mands, both current and potential, for animal feed,
pelletising, and oil absorbents. These demands could
amount to some 6,000 tonnes per year, valued at
US$100-300 per tonne (Gajardo and Gutiérrez, 1993;

. Gajardo, 1997).

The basic process is grinding and classification, and
the total investment for a 25,000-tonne-per-year plant
is US$2.4 million (Corporacién de Fomento de la
Produccién, 1995). Access to developing national mar-
kets, creation of a new mining activity in the southern
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Figure 1. General location of investment-opportunity projects for industrial minerals in Chile.



332 Anibal Gajardo

\A n Alunogen

e € A Pumice

AR]CA

X 2 Perlite

Scale : 1:5.000.000 IV REGION o~
&\ /

AN

U 10UE

Choapa™™ Salamanca
Los viLes
N 4

I REGION

m Combarbalite [ | Andalucite
A Dolomite € Garnet
X ° Bentonite * Pumice

Scale : 1:5.000.000

W ILLDES,

Vil REGION (./"

ANTDF AGASTA

CHILLAN

TALTAL JJ_\—\/

\

Figure 2. Maps showing selected industrial-mineral projects
in | and Il Regiéns of northern Chile. o

Figure 3. Map showing selected industrial-mineral projects in
IV, VII, and VIII Regioéns of central Chile.



333

Investment Opportunities in Industrial Minerals in Chile

$'1-¢'T = £ysua(q Qg uotday IIIA
seuu0y —€'9 %LEg-LT ‘M0¥—03 Jedsprey SOV %¥I-€1 wLIoJ1yeI)S ‘ugrodsouoy) eorung
poadsord 000°005°Z %S L1y = 9718 /[onIed ‘sse[d oruedop  CQIS %L'GL-LY RRLCR (I Jo HS W 6 enbrunyy
SYOW G'/L, = Sseupaer] uotdey ITIA
‘wux (g pue ¢'( uesmieq %6T—¢ agoerd ‘ugrdeouo) jJoulIes)
uorye3o[dLs souuo} 000‘0g< 9G6 = 9ZIS apITIIR] = QUIpUBW Y a[qeordde joN ‘Arejuemaipeg Jo g mIge eI oIy
SoUU0] Apoq xengdaiit
000°000°T WW > %Hp—1g  9IA0ISNW ‘9I1j01q ‘orydouwre)p uorday IIIA ajnepuy
........... 19Z1s 9[onIeg os[® ‘%0%—S SOV %1S-8¥ R R ‘ugrodeouo) sndueduwreie)
jadsorg souuo} 000‘0e ¢e = A0d = 9jonfepuy %01S %IV—6¢€ 190e[d ‘ArejuewIipogy Jogruge -ojenbete
§6'0-8°0 = A)sue( O%N %S0°0
Moy %LL-T9 0®D %S¢-9'T uo3ey IIIA
souuo) ‘g %09-L¥% sse|d otued[oa SOV %0Z-61 uLIoJI}e.I)s ‘ag[ru) 9juojusyg
padsoig 000°009< = 9ZIS dP1Ied  ‘O)TUO[[LIOWIFUOA] tO1S %19-95 ‘Arejuamipag Jo { 1t gg SeIS[BOSY SBT]
0%d B11-¢€ uo13ey JIA
S9UU0Y 2018 %L—S ULIOJIleI)S ‘eore], Jo ajuIo[o(J
umop nyg 000°000°T< aqeondde JoN olqeondde 0N O3 %0391 ‘AreyuowiIpag AN T L9 oMmEN 1d
wu 0'g 80%d %T'1 ugLdey edIUM SIUOPIE])
seouuoy Jo pue ¢'Q usemiaq €%V %31 seIpoq “eorry Jo eprIgoNy
10adsorg  SUOI[IW JO SUS], 9%Ee—Gg = 9Z1S IPIpR] sse[d STuUed[0A 2018 %TL Je[nBoLII ‘OTURI[0A q W g9—g] —ejny] epeigqend
YOS %9 ug3ey |
Sauu0) (%09) O%H 8T X satpoq Ie[ndoLil pue ‘edLIy Jo usdounyy
umop nyg 000°000°'T< arqeordde j0N usdounly E(YOS)TY %09 SUTOA [BULIDYI0IPAL] AN TW ¥ e[ BpeIqanyd
uoryeniis SOAIOSII sorjaadoad uorjisodurod uonjisodurod A3ojoydaowr uo1yeso] j0eloxg
Jua.LINy) pojewr)sy reos&qq orforeasurpy Testmway) ‘A30109x)

o1y utr mﬂOwaMhOQo I[eIS-UINIPIA 0} -[[ewrs 10]J mammOanQ S[eJoUIA-[BLI)SNPU] JO SOT)SLI9OBIEY) UIEB]A—T I[qE 1,




Anibal Gajardo

334

9Ty UISYINOS UI 10)08S

UoT)RIYISSBO UO}ONIISUOD UT puswap SUIMOIY) o uorjonpord speued uoi3ay IITA

‘Gurpurid ¥oLIq uo12daouo)) Jo { W ¢ oUIoS pue syoLIq ‘gorumd

W ¥ 1$SN ‘Burysna) /Z1°0$S/) = d1sawoq Ieak/souuo) 000°0SE ‘enb[runyy ur sjrsodsp soTwIN] o UoTONIISUY)) anbyrunpy
uor3dey JIIA Ul spues

aalsBIqe 10] sjoyIeu jueliodu] o uot3ay IITA

UOI}BOHISSB[D auu0) . uopdesuo)) spues 9AISBIA(E 10} “jourer)

W £2$sSN ‘Surpurin) /9%8$SN = poduy JTeaf/souuol 00001 30 g T gg ‘sjrsodop oUIPUBRWIY e uonpnpoad jaurer) 'l ot
sjexIewI
A103081J01 USIEI0) PUE I1ISOUIOD

[erpuajod pue juaLnd FUrS3ISIUT o uo13ey JITA

BOLIOUIY ugdeouo)) Jo § TW ¢ s¥oLIq 10708491 ‘aonjepuy

(pejewr)ss) uorjejofy 9UU0}  YINOS UI IBOA/SOUU0} 000‘0T ‘fyirenb ajenbope yym sjtsodep 103 uoygonpoid snSuedweie))

W §2-2$SN ‘Gurpurin) /L£€$8N = 3roduy B[y ur 1Bak/seuuo] 000‘S 91DN[BPUR AIBPU0IIS PUB AIBWLI 9jnrepuy -ajenbere]
a[IY) UISYINOS Ul ATUTBW ‘yusqiosqe
10 pue ‘3uisyja[[ed ‘pes) [(BwITUR

J10J sp9yIewr [erpusjod SunseIslul Po9J [eWIIUE I0J uor3ay IIIA

UOTBITJISSB]O auu0] ue[Iy) Jo § W g7 ‘yousd Aqurewr ‘uorjonpoid ‘@jruojueyg

N ¥2$sSN ‘Suipuriy) /0ST$SN = o1sewo(g Ieaf/seuuo) QQ‘9 SseIe[BISH Se ul j1sodep ejruociusg B)) e 9Iu0juUaq WNW[E) seroeosy se]
oUU0Y/FH—EH$SI) ST SIoj[ewIs 103
(eunyuadry) soud jroduwur Iesf/seuuo) 000°‘GS [BLIajew XN[j pue ‘9[iy) UIeyjnos

UOTJEOYISSE[0  ‘BUU0}H8—08$S ) Inoqe QWIOS ST PUBWIP I0}[OWS o JO STIOS pIoR Ul I9UOTIPU0I-[I0G o uononpoad uo13sy ITA

(pojewnsa) ‘Burpunid ST 0011d J1}SOUIOp  IBIA/SOUUO0} ()O()°Q SUIOS ST B[R], JO [ TW L9 ewos ‘Ajrjenb Xn[Jj pue ‘@qruo[o(y

W 0°2$SN ‘Burysnai) I2UOT)IPU0D-TI0G pUBWISP IOUOTIIPUO) [10S e arerrdoadde jo yisodop 9TWOTO(T o JISUOT}IPUOI [10§ ame 14

auuo} aareyz pue suorje[ndad [eJUIUIUCIIATD JO ugidey [

/0€T$SN = 3rodw] ‘Aoyan], ‘Iopenosy WoIf 9sned9q ‘sjexiIel 'y S ] SUIMOIY) ‘ootung

paanjdes oq p[nod %039 BOLIY JO & TWX uorgonpoad souopIe)

UO1}BOLISSBD suuo} {IBak/souuo) 00000 SWos £€9—6] ‘seuopie)) epeRI(eND—BIN[T SI9[[Y pue  epeigend—eny]

W 0°2$SN ‘Surpurin J06$S = dmsewog 1 puewap jrodull “Y'S N epeageny) ut syisodop 9otwnd a31e] o ‘SI9I[J ‘seAlseIqY epeIgend)

AIp Teanjeu 2uu01/000‘g sjesIewW URIAIjoq UOIFBILJLIE]D

‘uoTyRZI[EISAID —-08¥$SN = 31odwy PUB J1SOWOP JI0J ST pPUBW(] o I9jem-TeLIISnpUl uoidey 1

pauonjoely A310u0 JRTOS JO OSTL SAISUIIU] o pue -uryuLip ‘oreyding

‘uonryexd[y auu0Y/Ggaqy eIAI[Og JBaA/SoUU0] )00 ‘ST BOLIY JO 5[ TW $¥ ‘BIn|] epelgend 103 uorjonpoxd wnuruny

W 8I$SN ‘urgoeer] —$9$SN = onseuro e[y Ieak/seuuo) 000°‘S3 ut syisodop (S[qnios 1ojem) usSoun)y « oreydins WNUIWNY ‘0[] epeiqend

JudWI)SIAUL  s3ssadoad oL g puewaq uonjepunog YNGR ETG T 100foag
®101, Jo1seq

a[y) ut suorjesad( a[esg-wWnNIpPay 03 -[[ews 10§ sopprunjiodd( jusuwrysaau]—g S[qE ],




Investment Opportunities in Industrial Minerals in Chile

part of the country, and import substitution are the
main objectives of this project.

Laraquete-Carampangue Andalusite Project

Production of andalusite for alumina refractories is
the objective of this project. It is based on primary and
alluvial deposits located some 38 mi south of Con-
cepcion city (Fig. 3; Table 1), and on regional and na-
tional demands, both current and potential. This de-
mand will represent around 5,000-6,000 tonnes per
year, valued at US$250-300 per tonne. Market projec-
tion to South American countries could represent about
14,000-15,000 tonnes per year (Gajardo and Gutiérrez,
1993; Gajardo, 1997).

The basic process consists of grinding and flotation,
and investment has been estimated in US$2-2.5 mil-
lion. Substitution of high-alumina clay, bauxite, and
andalusite imports and the creation of an industrial-
mining activity are the main benefits of this project for
the Chilean economy.

Rio Lia Garnet Project

Production of garnet, for use as sand-blasting abra-
sives to treat metallic surfaces, is the main objective of
this project. The second objective is to produce various
grades of garnet for filtration and jewelry.

The project is based on almandine-bearing alluvial
deposits, located some 32 mi south of Concepcién city
(Fig. 3; Table 1), in a region where there is potential
demand from a variety of metal and mechanical
industries. This future demand represents around
8,000-10,000 tonnes per year, valued at almost
US$200 per tonne (Gajardo and Gutiérrez, 1993,
Gajardo, 1997).

The basic process is grinding and classification, and
total required investment for a 1,000-tonnes-per-year
plant is some US$2.3 million (Corporacién de Fomento
de la Produccién, 1995). The main benefits of this
project are the creation of new mining and industrial
activity in Chile, substitution for imports, and access to
new markets.

Munilque Pumice Project

Production of lightweight-construction materials is
the objective of this project. It is based on a volcanic
deposit of pumice, located 90 mi southeast of Concep-
cién (Fig. 3; Table 1). It is expected to meet future de-
mand in the region for building bricks and panels,
which will result from future building expansion in the
southern part of Chile. Estimated pumice demand is
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250,000 tonnes per year, and the estimated price of
pumice bricks is US$0.125 per unit, which is only 50%
of the price for clay bricks in the area (Gajardo and
Gutiérrez, 1993; Gajardo, 1997).

The basic process is crushing, grinding, and classifi-
cation, and the total investment for a 40,000 m? per
year panel plant is about US$1.4 million (Corporacién
de Fomento de la Produccién, 1995). Creation of a new
industrial-mining activity in the country and securing
a market share in a developing construction market
with alternative low-price products are the main objec-
tives of this project.

SUMMARY

There are many investment opportunities for small-
to medium-scale industrial-minerals operations in
Chile. Table 2 summarizes the information regarding
the investment opportunities that has been described.
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ABSTRACT.—The study area is located in the Alpine-Himalayan zone in Turkey. Geo-
logically, this is a very complicated region, and the rock units generally are divided
into two groups as either allochthonous and autochthonous. Tectono-stratigraphically,
the units are Paleozoic quartzite, black limestone, arkosic sandstone, interlaminated
radiolarite and Triassic limestone, thick Jurassic limestone, detritic limestone with al-
ternating Eocene Nummulites beds and cream-green marl, Miocene siltstone, and
ophiolite. Trachyte, trachyandesite, feldspathoidal trachyandesite porphyry, tuff, and
pumice formed by volcanism during the Plio-Quaternary also are present. Recent al-
luvium and slope detritus locally cover all the other rock units.

A number of sulfur outcrops occur in the area. Among them are outcrops at
Keciborlu, Yelliyatak Hill, Buyuk, and Kucuk Kukurt Dere. The most important sulfur
deposits are found in volcanic tuff and siltstone-marl, and they include highly organic
material. Sulfur may accumulate around recent gas diffusions and also as massive for-
mations. The information about local geology and sulfur isotopes shows that the sul-
fur originated from the crust and probably comes from organic-rich Paleozoic and Tri-
assic units. The sulfur did not move between Triassic and Pliocene time. However,
Plio-Quaternary volcanism did cause movement of the sulfur, and this was followed by
formation of the secondary sulfur due to post-tectonic thermal activities and the mix-

ing of other surface waters.

GEOLOGICAL SETTING

The Isparta fold of West Taurides, which is located
in the Alpine-Himalayan belt, has been extremely
affected by tectonic activity. The rocks in the study
area are both allochthonous and autochthonous. It is
necessary to consider the Korkuteli and Beysehir dis-
tricts together when evaluating the study area. There-
fore, the stratigraphic sequence is given for a large
area.

Paleozoic rocks are exposed around the Karacahisar
(Anamas Mount) region in the southern part of the
area. Cambrian rocks consist of arkosic sandstone,
quartzite, dolomite, lensoidal limestone, and diabase
dikes or sills. Devonian strata are sandstone, and ner-
itic and arkosic sandstone, from bottom to top. Permian
and Early Triassic units include gray detritic and
lensoidal limestones. Late Triassic rocks are conglom-
erate, black limestone, dolomite, dolomitic limestone,
and marl. In contrast, chert, radiolarite, and limestone
are present in the Egirdir, Isparta, and Burdur regions.
Jurassic rocks are platform carbonates, and these ex-
tend up to the Upper Cretaceous (Maestrichtian).
Lower and Middle Triassic gypsum and marl are ex-

posed in Gulluk Mountains, located between Isparta
and Burdur regions.

Paleocene beige and green marl-claystone and
microbreccia units overlie the Jurassic rocks. Thick
Eocene nummulitic limestones concordantly overlie the
Paleocene rocks. As a result of tectonism during the
Late Eocene, ophiolitic rocks were emplaced in the
study area (Yalcynkaya, 1985). This tectonic activity
continued up to the Late Miocene.

A group of volcanic rocks—augite-trachyte, trachy-
andesite, feldspathoidal trachyandesite porphyry,
andesite, tuff, and tuffite—formed during the Late
Pliocene. Large sanidine crystals are present in calc-
alkaline trachyandesites. Biotite and pyroxene pheno-
crysts and plagioclase minerals are present in other
voleanic rocks as well. These volcanic rocks have been
intruded into the entire stratigraphic sequence. The
silica content of these volcanic rocks ranges from 52%
to 68%. Extreme alteration is observed in zones with a
high silica content. Chemical analyses of the volcanic
rocks present in the Daridere location yielded 190 ppm
molybdenum and 660 ppm copper. Alluvium and
Recent sediments are present at the top of the
sequence.

Kumral, Mustafa; and Gedikoglu, Atasever, 1999, Recent data regarding the genesis and formation of sulfur deposits around
Isparta region, Turkey, in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998:

Oklahoma Geological Survey Circular 102, p. 337-340.
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Arsenic and sulfur deposits are present within the
West Taurides, although the study area is quite poor in
terms of ore provinces. Although field surveys (Yalcyn-
kaya, 1985; Kumral and Gedikoglu, 1993) showed that
the sulfur ores were formed by volcanism, recent isoto-
pic investigations suggest contrary results concerning
ore genesis.

Previous studies showed that these ores were
formed due to alteration of volcanic rocks. However, in
this study, sulfur-isotope investigations revealed that
sulfur may have been derived from the organic materi-
als. Thus, it will be necessary to reinvestigate the field
data in view of the genesis of sulfur deposits. Examina-
tion of 50 petroleum and asphaltite remnants implies
that there must have been a pre-Triassic petroleum
province in the study area. The presence of Paleozoic
reservoir rock, such as limestone-dolomite, sandstone,
and conglomerate, and also of petroleum remnants
identified during recent drill-hole investigations, con-
firm the possibility of petroleum-rich rocks in the past.
However, strong tectonism decreases the possibility of
economic oil occurrences.

The geology of the study area has been investigated
in a very large scale because it is necessary to deter-
mine the presence of a particular petroleum reservoir
similar in genesis (i.e., organic occurrences during the
Early Triassic).

The similarity of sulfur isotope analyses to those
that are organic in origin indicates that the sulfur oc-
currences had been formed previously by reduction of
the organic units or bacterials and then transported by
voleanic activity. The existence of small asphaltite and
petroleum occurrences further confirms this hypoth-
esis.

EVALUATION OF SULFUR ISOTOPES

Geochemical formulas and related information on
sulfur isotopes are given in papers by Nielsen (1972,
1974a,b), Ohmoto (1972), and Saupe (1994) and are not
repeated here. The data 84S of the volcanics, including
native sulfur and pyrite from Isparta region, are given
in Table 1.

The ratios of 34S/%2S in the samples:
334S%e. is calculated as given below:

834S%0 = ([R, /R

sample standard]

—1)10% and

R,;.nd4arq (in Cafion Diablo meteorite, the ratio of 334S)

=0.0450045
Thus,
34Rsample = ([834S%0 X Rsta.ndard] X 10_3) + Rstandard »
R e = ((8348%0 X 0.0450045] x 107%) + 0.0450045

DISTRIBUTION OF 5%48%o

The value of 334S%. of the Isparta samples compared
with those belonging to various rocks or environments
is given in Figure 1. This shows that there is a low

Mustafa Kumral and Atasever Gedikoglu

Table 1.—The Data 534S of the Volcanics Including
Native Sulfur and Pyrite from Isparta Region

Sample Sample

number name Location 5348 R ample
S1-1 Native sulfur Degirmendere —6.0 0.0447165
S1-2  Native sulfur Degirmendere —6.0 0.0447345
S2 Native sulfur Uyuzpinar -2.0 0.0449145
S3-1  Pyrite + Q + clay Daridere -4.3 0.0448110
S3-2  Pyrite + Q + clay Daridere -6.45 0.0447120

possibility of a match of the Isparta samples with vol-
canic H,,S, S9, sulfide, shale, sandstone, graywacke, re-
duction of bacteria, or volcanic H,S or sulfate. Also,
there is no relation between the sulfur data and mafic
rocks, granitic rocks, or limestone.

VARIATION INTERVAL OF 34S%. VALUES

The notation A(§34S) is used to show the change in-
terval of 834S%. values. The recent 8%4S%. values
changed from approximately —65 to +95; thus, the
A(8%48S) value is about 160%o for all sulfur compounds.
The changes between —40 and +40 and A(834S) value
343 is about 80%o because the extreme values are rarely
observed. In this case, A(834S) = 4.5 is quite a narrow
interval change for 348 and 328 isotopes which have the
widest variation interval in nature. This fact indicates
that sulfide occurrences are not subjected to effective
geological deformations.

ISOTOPIC-FRACTIONATION CONSTANT (o)

The ratio of isotope couples of the same element of
two different samples (o) is indicated as:

o =RVR2,

where R1 = heavy isotope/light isotope ratio in one com-
pound, and R2 = heavy isotope/light isotope ratio in the
other compound. Generally, R1 is used for heavy iso-
topes and R2 is used for light ones.

The relation between o and & can be easily calcu-
lated. Considering the samples S2 and S1-1 which are
native sulfur :

o = 0.0449145/0.0447165 = 1.004428
When isotopic fractionation is stated as “permil”;
(1000 [ —1])
103 In o = 4.428

The value of o can reach up to 1.086. This indicates
that there is important isotopic fractionation among
sulfide compounds in nature. However, o values in
Isparta region are rather lower than in nature. This is
ascribed to the following: (1) The reasons depending
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Figure 1. The distribution of the §3*S(%.) values in some environments.

upon the sulfur distribution are not present. These
sulfur isotopess are generally in different phases and
charges. (2) Fractionation mechanisms are not effective
(solid-liquid variations, chemical reactions, isotopic-
equilibrium reactions etc.).

SOLID-LIQUID VARIATIONS

The 34S/32S ratio decreases in recent compounds
during the conversions among solid-liquid and liquid-
gas phases but increases in partially converted com-
pounds. In contrast, the 34S/32S ratio increases in re-
cent compounds during the conversions among gas-
liquid and liquid-solid phases but decreases in partially
converted compounds.

1. If the assumption that Isparta sulfides originated
from magma is accepted, then the §34S value, which is
close to zero and positive, should have decreased and
become negative. In this case, the idea of which sulfur
derived from magma was converted into liquid and gas
phases becomes more logical. The samples belong to
solid phase although the cycle of liquid and gas in sul-
fur evolution is accepted. Therefore, §34S should in-
crease (solid-liquid-solid). However, this hypothesis is
invalid because isotopic fractionation is about 4.4, and
there is no evidence concerning the existence of older
magmatic sulfur in the solid phase.

2. If organic genesis is accepted, then 834S%. in
higher negative values increased to lower negative val-

ues. In this case, the validity of the presence of organic
sulfur that is in liquid or gas phase and its conversion
into solid phase must be confirmed. The presence of or-
ganic rocks, asphaltite, and bituminous shale within
the Isparta region confirms this hypothesis. Therefore,
only one-way phase variation (liquid-solid) is valid in
this evolution.

On the other hand, negative 834S%o values indicate a
reducing environment because, although 32S isotopes
concentrate in reduced molecules, the 34S isotopes con-
centrate in oxidized molecules. For example, the SO,2
anion has a higher 34S/32S ratio than that of native
sulfur. If the second hypothesis is accepted, the follow-
ing are consequences: (1) The sulfur is derived from
reduction environment at the beginning. (2) The sulfur
is probably in the form of liquid H,S. (3) The §3*S%. is
lower than —6.5. (4) The sulfur is carried by means of
volcanism. (5) The sulfur is also in H,S form during
transportation (because the Nielsen diagram refers to
H,S environment for the 334S values between —10 and
0 in a hydrothermal solution). (6) Sulfur passes into
the stronger oxidation environment. S~2 — S°.

In an oxidation environment:

H,S + %0, —» S + H,0

and 8%4S%o increases due to the conversions from liquid
to solid and from reduction environment to oxidation
environment (< —6.5 - > —6.5).
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THE ROLE OF HEAT IN SULFUR EVOLUTION

It is well known that high temperatures have an
important role in the fractionation of sulfide com-
pounds in Isparta region. It is not possible to use the
sulfur-isotope thermometer because there is no suffi-
cient sample and various compound samples. However,
as a general rule, isotopic fractionation can occur at
temperatures lower than 200°C. Higher temperatures
have been effective in the evolution of sulfur because of
low-grade fractionation. That these volcanic rocks origi-
nated from the hydrothermal solutions that were carry-
ing the sulfur confirm these data.

CONCLUSIONS

Isotopic analyses of the sulfur occurrences of Isparta
indicate the following four conclusions. (1) The sulfur in
the study area is organic in origin, but the number of
the samples is not sufficient to be definitive. More
samples are required to reach a definitive conclusion.
(2) Sulfur is probably in the form of liquid H,,S, derived
from a reducing environment at the beginning, and,
during transportation, §34S%o is approximately lower
than —6.5. (3) Since the 534S values between —10 and 0
in hydrothermal solution refer to an H,S environment
in the Nielsen diagram, it is proposed that sulfur is in

Mustafa Kumral and Atasever Gedikoglu

the form of H,S and carried by means of volcanism.
(4) Sulfur passes into the stronger oxidation environ-
ment. (52— S9).
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Albite Occurrences and Their Economic Significance in the

Mugla-Milas Region, Southwestern Anatolia, Turkey

Murat Budakoglu and Fikret Suner
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Istanbul, Turkey

ABSTRACT.—Albite (NaAlSi,O,) is one of the important raw materials for the rapidly
developing Turkish ceramic and glass industry. Prior to 1980, development of the ce-
ramic industry in terms of raw material was dependent upon small-scale mining op-
erations; in the last decade, these efforts have increased substantially.

The aim of this study is to investigate the geochemical properties and distribution
of albite occurrences in the Kocayayla district, which is about 12 km northeast of the
town of Milas, about 50 km west of the city of Mugla in southwestern Anatolia.
Kocayayla is also well known for its famous ancient city, Labranda. The field area is
located in the Menderes Massif, which was formed by major tectonic events during the
Late Proterozoic and subsequent periods.

The target area was studied to prepare a detailed geological map (scale, 1:10,000),
and to determine the formation of albite—mica-schist—quartzite borders in the host
rock gneiss. To do this, systematic sampling of albite was done in the two main areas,
the Sarikaya and Yumrutag regions. In the study area, albite zones are scattered
within an area of about 20 km?, and they extend in a northeast-southwest direction;
mica-schists and quartzite veins accompany these units.

Mineralogical observations show that quartz is the main mineral associated with
albite. In the ceramic industry, the albite + quartz assemblage is well known and is
classified as “standard” or “super type,” depending upon the content of TiO, and Fe,O,.
In this study, the Sarikaya albites (profile I) exhibit remarkably lower TiO, (0.15% on
the average) values contrasted to that of Yumrutag (profile II; 0.24% on the average),

whereas Fe,0, values vary slightly from 0.076% to 0.085% in both regions.

INTRODUCTION

Albite was discovered in the study area in the south-
western part of the Anatolia region of Turkey (Figs.
1,2) in 1981, and it has been exploited by open-pit—
mining methods since 1988. The albite deposits are in
a large area where the albite-gneiss contacts had
not been clearly studied or mapped. The 20-km?
target area was studied to prepare a detailed geologi-
cal map at a scale of 1:10,000 by Budakoglu (1989)
and Alakbarzadeh (1989) (Fig. 3); the map includes
contacts of the albite, mica-schist, and quartzite forma-
tions.

These deposits are commercially important because
of their industrial qualities and the good transporta-
tion facilities. Exportation of this raw material from
the studied area started in 1986, and 800,000 met-
ric tons of albite were shipped to Italy and Spain in
1997.

GEOLOGIC SETTING

The Kocayayla albite is present in about 1,500 ha
(hectares) of an area located northeast of Milas, within
the Menderes Massif, which covers a large area of
southwestern Anatolia (Figs. 2,3). The area is bounded
by Tauros Mountain Belt on the south and by the
Izmir-Ankara ophiolitic belt on the west (Fig. 2). The
Menderes Massif extends about 200 km from Mugla to
Simav, and its width is approximately 150 km from
Denizli to Turgutlu.

The area had been investigated by different re-
searchers with various geological points of view. Some
of the early scientists (references are not included in
this paper) were Naumann in 1896, Philippson in 1910,
Penck in 1918, Salamon-Calvi in 1931, and Kober and
Pajeras in 1940. Later work (which is referenced in this
paper) was done by Blumental (1946). Between 1956
and 1959, Ketin interpreted the geology of the study,

Budakoglu, Murat; and Suner, Fikret, 1999, Albite occurrences and their economic significance in the Mugla—Milas region,
southwestern Anatolia, Turkey, in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial min-
erals, 1998: Oklahoma Geological Survey Circular 102, p. 341-345.
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Figure 1. Map showing location of Europe and Turkey (above) and south-
west Anatolia region (below).

using modern tectonic concepts for the
first time, and this work was published in
1966. Wippern published a study of this
region in 1964.

The Menderes Massif includes the fol-
lowing: (1) Precambrian gneiss; (2) Paleo-
zoic mica-schist; (3) Permo-Carboniferous
metaquartzite, black phyllite, and
recrystallised limestone; (4) Mesozoic
bauxite-bearing limestone; and (5) lower
Eocene recrystallised pelagic limestone
and flysch. Barrovian-type regional meta-
morphism has been reported by various
scientists, including Asworth and Evirgen
(1984), Okay (1985), and Satir and
Friedrichsen (1986).

The Menderes Massif is a major
tectono-stratigraphic unit, and many as-
pects of this feature are under intense
study by earth scientists looking at a wide
range of geological characteristics.

The first observation of albitisation in
the area was pointed out by Nebert and
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Figure 2. Simplified geological map of southwestern Anatolia (Okay, 1989), showing location of study area (box) northeast of

Milas.
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Ronner (1956). According to their studies, albite had
formed in both silicates and carbonates from Na-rich
solutions, which had originated in response to Alpine
tectonics.

FIELD STUDIES AND PETROGRAPHIC
DETERMINATIONS

Field studies reveal the presence of four rock types:
albite, mica-schist, quartzite, and gneiss (Fig. 3). Albite
zones have a length between 50 m and 1,500 m. The
main direction is about northeast-southwest. Schis-
tosity is common. Many normal faults are present and
are remarkable in terms of pointing to albite occur-
rences. The albite is white and brittle. Mica and rutile
are present in some samples, and quartz is very com-
mon in some albite seams.

Gneiss is the oldest rock in the area, and it is re-
garded as basement rock in the massif. Gneiss occurs
as large, white to yellowish-white blocks. They have
granoblastic texture, and paragenesis of quartz—potas-
sium-feldspar—plagioclase—biotite—muscovite—apatite—
tourmaline—zircon is observed.

Quartzite is another common rock in the area; it con-
tains feldspar, magnetite, hematite, garnet, ilmenite,
and calcite in minor amounts. Quartzites also have
granoblastic texture and may be economically impor-
tant. The gray mica-schist occurs with the albite zone.
The observed paragenesis of the mica-schist is biotite—
muscovite—quartz, and it exhibits lepidoblastic texture.

SAMPLE COLLECTION AND
ANALYTICAL METHODS

Samples were collected from different albite zones to
determine geochemical (Table 1) and mineralogical
parameters. In addition, two adjacent horizontal pro-
files were chosen specially (Fig. 3) and sampled in de-
tail within the albite units; these were analyzed for
their TiO, and Fe, O, contents (Table 2).

Four bulk samples, each less than 1 kg, were taken
at intervals of about 10 cm in depth. At the laboratory
the samples were dried at 40°C, disaggregated, and ho-
mogenized. We preferred to analyze the <125 mm frac-
tion, and 0.1 gram of the sample was decomposed in a
mixture of nitric acid (65%, 10 ml), sulfuric acid (95%,
0.2 ml), and hydrofluoric acid (38-40%, 35 ml) using a
teflon pot. After evaporation, the residue was dissolved
in 5 ml hydrochloric acid (37%) and 20 ml pure-water
mixture. After filtration, the fluid was diluted to 100
ml. Ti, Fe, and Al were analyzed by colorimetric spec-
trometry; Ca and Mg were analyzed with AAS; Na and
K were analyzed using flame photometry, and Si values
were determined using carbonate-decaying methods
(Table 1).

RESULTS

In this study, a geological map (scale, 1:10,000) was
made, with special attention to the contacts between
albite, quartzite, mica-schist, and gneiss. In the
samples, which were taken from the Sarikaya and
Yumrutasg regions, the contents of TiO, and Fe,O,

Murat Budakoglu and Fikret Suner

Table 1.—Geochemical Analyses
of the Two Albite Occurrences

Sarikaya Sarikaya Yumrutas Yumrutas
Percentage Samplel Sample2 Samplel Sample 2
Si0, 72.05 71.9 72.14 72.25
Al 04 13.45 13.68 13.54 13.49
Fe,0,4 0.062 0.068 0.92 0.95
TiO, 0.10 0.09 0.35 0.40
CaO 0.50 0.80 0.50 0.60
MgO 0.15 0.14 0.17 0.16
Na,0 10.10 10.04 9.68 9.72
K,0 0.25 0.34 0.19 0.21
Lg. loss 1.65 1.57 1.60 1.69
Table 2.—Horizontal Profiles Value
for the TiO, and Fe, 0, Ratios

Profile I Profile I1
Sample TiO, Fe,0, Sample TiO, Fe,0,
points (%) (%) points (%) (%)
1 0.14 0.085 1 0.32 0.087
2 0.17 0.075 2 0.35 0.092
3 0.09 0.070 3 0.40 0.095
4 0.10 0.062 4 0.38 0.080
5 0.09 0.077 5 0.31 0.085
6 0.09 0.068 6 0.34 0.075
7 0.22 0.083
8 0.31  0.088

were determined in addition to whole-rock analyses for
some samples. We found that the contents of TiO, and
Fe,O,4 are acceptable for ceramic and glass industries.

In the ceramic industry, the albite + quartz assem-
blage is a well-known paragenesis and classified as
“standard” or “super type,” depending upon the con-
tents of TiO, and Fe,O,. In this study, chemical data
show that the Sarikaya albites (profile 1) are remark-
ably lower in TiO, (0.15%, on average) than the
Yumrutag albites (profile IT; 0.24% TiO,, on average);
whereas Fe, 04 values vary slightly from 0.076% to
0.085% for both regions (Table 2).

Chemical properties of the albite are very important,
and the results of our study show that the chemistry is
quite favorable to commercial demand for this mate-
rial. Although the results of XRD show that this albite
contains some free silica (quartz), it does not seem to be
a negative factor for ceramics and glass-production
processes.
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Formation of the Cryptocrystalline Magnesite Ores within the Yaylacik
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ABSTRACT.—This paper presents detailed information on the genesis, formation, and
industrial utilization of Yaylacik magnesites. Tectonically, the study area is located
within the Tavsanli Zone, immediately south of the Izmir—Ankara suture in western
Turkey.

The geologic setting mainly comprises ophiolitic melangés basics, and ultrabasics
associated with very rich magnesite deposits and lacustrine sediments. The ophiolitic
unit tectonically overlies the schists and carbonate rocks. The presence of glaucophane
and lawsonite indicates a low-temperature/high-pressure metamorphism. The ultra-
basic rocks, which exhibit cumulate composition, have been mostly serpentinised and
represent the oceanic floor of the Yaylacik ophiolite. Basic intrusives consist of dolerite
and diabase, and they show the characteristics of within-plate dolerites.

The magnesite occurrences are commonly observed in block, stockwork, lens, and
vein forms and were deposited within the serpentinites. In most magnesite samples,
secondary quartz/chalcedony formations are observed as fracture fillings due to the
highly effective tectonic movements. Field surveys and microscope studies reveal that
magnesites had been formed by the metasomatic alteration of serpentinites.

Chemical analyses show that, although MgO content of the magnesites varies from
43.41% to 50.48%, Fe,O, and CaO are lower than 1%. Silica contents are as high as
5.52% in a few samples. Although Yaylacik magnesites are not suitable for making
basic refractory bricks, they are widely used as caustic-calcined magnesite in a vari-
ety of applications, including animal foed, artificial fertilizer, chemical (acid neutral-
izer), medical and pharmaceutical, and water treatment.

INTRODUCTION

The process of magnesitation is still a subject of sci-
entific argument, and it is explained by various theo-
ries based on experimental studies. According to the
descendant theory, magnesite forms by the alteration of
serpentinites and ultrabasic rocks through atmospheric
effects. The ascendant (hydrothermal) theory is based
on the alteration of serpentinite by means of CO,-rich
thermal solutions under high pressure.

Magnesite occurrences have been studied in terms of
mineralogical and geoclogical properties to reveal impu-
rities that affect the quality of magnesite in various
fields of industrial utilization. The largest reserves of
cryptocrystalline magnesite in the world are in Turkey.

*Corresponding author

Toward this aim, Yaylacik (Tavsanli-Kutahya) magne-
sites, which represent a good example of cryptocrystal-
line-magnesite deposits, have been studied extensively.
Economic aspects of magnesites have been investigated
by a number of researchers (Petrascheck, 1963; Arda
and others, 1971). Okay (1981) studied the geology and
blueschist metamorphism of the ophiolites in north-
west Turkey (Tavsanli-Kutahya), and Goncuoglu and
others (1992) investigated the stratigraphy of the
Kutahya region.

GEOLOGIC SETTING

The study area is located in the Anatolide-Tauride
platform of western Turkey (Fig. 1) and mainly com-
prises Upper Cretaceous, Miocene, Pliocene, and Qua-
ternary units. One Upper Cretaceous unit, named the

Elmas, Numan; Celenli, Ahmet; and Suner, Fikret, 1999, Formation of the cryptocrystalline magnesite ores within the
Yaylacik (Tavsanli-Turkey) ophiolite sequence and its industrial use, in Johnson, K. S. (ed.), Proceedings of the 34th fo-
rum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 347-351.
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Figure 1. Generalized geological and tectonic map of the study area (Okay and others, 1998).

Arifler Formation, is a small melangé in the district.
This unit, subjected to high tectonism, consists of
marble, schist, diabase, mudstone, and limestone with
tectonic contact. A second unit, known as the Yaylacik
Formation, includes ultrabasic rocks such as peridotite
(mostly harzburgite), serpentinite, pyroxenolite, mas-
sive dolerite, diabase, and microgabbro; it tectonically
overlaps the metamorphics and Arifler melangé. The
Miocene is represented by the Tuncbilek Formation,
which discordantly overlaps the older formations and
comprises lacustrine sediments such as marl, clay-
stone, siltstone, limestone, tuff, and coal. Near the top,
one of the Lower Pliocene units is the Saruhanlar For-
mation, which is an alluvial-lacustrine deposit and con-
sists of alternating conglomerate-sandstone-tuff-tuffite
and limestone. The top unit, the Cukurkéy Formation,

is similar to the Saruhanlar Formation, except that it
also contains marl.

Formation of the Yaylacik Magnesites

The ophiolite sequence has tectonically overlapped
the carbonate series, resulting in the formation of mag-
nesite under the effect of high-pressure/low-tempera-
ture conditions. This compressional activity had caused
an increase in temperature, up to 300-400°C, and in
turn has caused release of CO,. In the presence of hy-
drothermal solutions, due to metasomatic reactions,
magnesite (MgCO,) formed within the cavities and
cracks under proper physicochemical conditions. Mas-
sive and lensoidal magnesites are present in the form
of blocks, lenses, veins, and stockwork structures. Al-
though massive magnesites have sharp contacts with




Magnesite Ores in Yaylacik Ophiolite Sequence, Turkey

the host rocks, lensoidal types are located at shear
zones and milonitized contacts. Magnesite + serpentine
and magnesite + talc or magnesite + quartz/chalcedony
paragenesis are common for massive magnesites,
whereas lensoidal magnesites generally are attributed
to magnesite + quartz/chalcedony, occasionally magne-
site + serpentine, and rarely magnesite + talc paragen-
esis. Some metamorphic minerals (lawsonite +
glaucophane + albite + quartz/chalcedony) also have
formed because of the metamorphic conditions neces-
sary for formation of magnesite. This paragenesis
shows the high-pressure/low-temperature conditions
(350-400°C, 7 kb). In addition, the identification of
jadeite and the presence of talc minerals in shearing
zones indicates high pressures.

Ultrabasic Rocks

Ultrabasic rocks generally are represented by perid-
otites (dunite and harzburgite), which are part of the
ophiolite sequence. Most ultrabasics have become
serpentinite, and rarely listwanite, in response to the
metamorphic processes. Talc and quartz are other min-
erals that indicate the metamorphic conditions.
Chrysotile and lizardite are commonly minerals com-
pared with antigorite in serpentinites.

Eight samples were collected from the study area to
determine the origin of the ultrabasic rocks. Chemical
results of ultrabasics were plotted in the Fe,0,-MgO-
(Na,O + K, 0) diagram (Fig. 2). As seen in the diagram,
the ultrabasics indicate cumulate composition.

Basic Rocks

Basic intrusive rocks are dolerite and diabase, and
they are present as massive blocks. Mineralogical stud-
ies show that plagioclase and pyroxene (augite) are the
main minerals, with sphene, chlorite, actinolite, epi-
dote, and zeolite as accompanying minerals. Sosurite,
uralite, and albite transformations are commonly ob-

Fe203

Alkali ¥g0

Figure 2. Fe,0,~MgO-alkali(Na,O + K,0) triangular diagram
of the ultrabasic rocks.
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served. Chemical data for eight samples were plotted in
the Irvine and Baragar (1971) and Mullen (1983) dia-
grams (Figs. 3,4). Figure 3 indicates that the basic
intrusives had been derived from tholeitic magma, ex-
cept for sample 5. On the other hand, the Zr-Ti/100-
Y*3 diagram (Fig. 4) shows that these samples formed
in the “within-plate dolerites” (WPD) environment.

INDUSTRIAL USE

One of the main sources of commercial magnesia
(MgO) is natural magnesite (MgCO,). It is found in
nature in two different physical forms, cryptocrystal-
line (gel) and large-crystal form. Large-crystal magne-
sites are not so preferred, due to their excessive iron
content, whereas cryptocrystalline magnesite, gener-
ally found in smaller but purer deposits, is widely used

Total Fe

Tholeiitic

Calc-Alkaline

Alkali Kg0

Figure 3. Irvine and Baragar (1971) triangular diagram for the
Yaylacik basic intrusives.

Tir’100

Zr Y3

Figure 4. Zr-Ti/100-Y*3 triangular diagram (Mullen, 1983) of
the Yaylacik basic rocks.
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in many industries. There is a close relationship be-
tween the specifications and the price of magnesite and
its products. For cryptocrystalline (gel) magnesite, the
content of Si0,, and CaO should not exceed 3%, and
Fe,0, should be lower than 1%. On the other hand, for
large-crystal magnesite, these contents should be lower
than 6%, 5%, and 11%, respectively. These chemical
parameters are the determinative factors in price and
sale. For example, excessive silica decreases the resis-
tance against high temperatures. Moreover, magnesite
brick containing high CaO is easily broken up. There-
fore, a CaO/SiO,, ratio of 2/1 is the best condition for
magnesite in making brick.

To reduce the CaO content, crude ore is immersed
into the pool so that external lime can be removed.
Removal of silica, however, is not so easy. It is possible
to remove silica by triage, if it is present in vein form.
In this case, both ores are mixed to reduce the silica
content. Fe, O, generally is present as hematite in mag-
nesite, but it is completely altered to magnetite (Fe,O,)
after calcination and then can be removed easily by
using a magnetic separator.

Magnesite is used for various purposes in industry.
Magnesite is mostly calcined to produce caustic-cal-
cined (at 800-1,000°C) magnesia and sintered (dead-
burned) magnesia (>1,450°C). Sintered magnesite is
consumed mainly in the iron and steel industry, in
which magnesite is used as a refractory material in
oven lining due to its high resistance against basic
slags at high temperatures (>1,450°C). The use of cal-
cined magnesite is very different. Generally, it is used
many ways in the agriculture and construction sectors,
such as in animal food, artificial fertilizer, rayon, stack-
gas scrubbing, sorrel and oxisulfate cement, chemistry
(acid neutralizer), medical and pharmaceutical, sugar
and candy, pulp and fine paper, and as a water treater.

In the Kutahya region, magnesite deposits are
mined by the Kutahya Magnesite Works Co. (KUMAS)
and the Continental Mining Industry and Trade Co.,
Ine. (COMAG), with 350,000 tons of total annual pro-
duction of magnesite; KUMAS produces 250,000 tons of
sintered magnesia per year, whereas COMAG, which is
the only producer of caustic-calcined magnesia in Tur-
key, produces 30,000 tons of calcined magnesia per
year. Calcined magnesia is being exported to countries
such as England, France, Germany, Holland, and the
United States. The chemical character of Yaylacik
magnesites is given in Table 1.

CONCLUSIONS

1. The study area had been highly affected by com-
pressional tectonism in the Late Cretaceous.

2. The genesis and formation of the Yaylacik magne-
sites were studied using geological, mineralogical, and
chemical methods. Field surveys indicate that the mag-
nesites were formed by metasomatic alteration of
serpentinites (ascendant model); the descendant hy-
pothesis cannot be accepted for the Yaylacik magne-
sites because of the absence of hydromagnesite and
brucite mineralization.

3. Some metamorphic minerals, such as talc,

Numan Elmas and others

Table L.—Chemical Content (%) of

Yaylacik Magnesites

Si0, CaO0 Fe,0, MgO  LOI
S1 1.05 0.26 0.65 48.48 49.56
S2 0.40 0.15 0.65 49.81 48.99
S3 1.63 1.24 0.24 46.00 50.38
S4 0.53 0.85 0.04 46.61 51.55
S5 5.03 0.63 0.02 46.21 47.64
S6 1.85 0.44 0.02 46.76 50.43
S7 5.52 0.52 0.84 45.87 46.82
S8 5.11 0.70 0.14 46.09 47.50
S9 0.13 1.58 0.02 46.07 51.83
S10 3.50 0.72 0.10 45.95 49.70
S11 2.50 0.45 0.11 48.44 48.45
S12 1.29 0.78 0.14 49.76 48.03
S13 1.16 0.95 0.09 49.88 47.93
S14 3.57 1.09 0.18 45.14 50.02
S15 2.82 0.75 0.09 46.84 49.50
S16 4.10 0.98 0.08 44.04 50.80
S17 1.51 091 0.18 49.08 48.32
Si8 1.07 0.75 0.10 50.48 47.60
S19 1.35 1.10 0.10 43.41 51.04
S20 1.26 0.90 0.11 48.53 49.20

crysotile, and lizardite, proved that the study area has
been affected by the Alpine orogenesis and blueschist
metamorphism.

4. The chemical content of Yaylacik magnesites sug-
gests that they are suitable for the production of cal-
cined magnesia. However, Yaylacik magnesites have a
high silica content in fracture zones, due to tectonism,
and this has a negative effect on the quality of these
magnesites during calcination.
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Nepheline Syenite Resources of Central Arkansas

Angela K. Braden
Arkansas Geological Commission
Little Rock, Arkansas

ABsTRACT.—Igneous rock exposures occupy only a mi-
nor portion of surface area (<18 mi?) in Arkansas, and
are divided into two major groups: nepheline syenite (7
mi?) and syenite complexes (8 mi2), with various dikes
and sills representing the remaining surface exposures.
The syenite complexes have been the sites of major va-
nadium and minor titanium production during the past
50 years. Nepheline syenite exposures were important
in the early production of locally used building stone;
however, aggregate and roofing granules have now
become the principal market for the production of
nepheline syenite in Arkansas.

Nepheline syenite intruded into a sequence of Paleo-
zoic sedimentary rocks in Arkansas and is exposed
in two areas: in Saline County near the town of Baux-
ite, and in Pulaski County at Granite Mountain,
just southeast of Little Rock. Although the central
Arkansas region had been investigated thoroughly
for bauxite by the early 1950s, the nepheline syenite
resources of the region have yet to be evaluated system-
atically by the state. Arkansas nepheline syenite
was evaluated for its ceramic uses in 1952. Some recent

industry interest has revolved around its potential
use as a sand-blast abrasive. The largest exposed areas
of nepheline syenite, located at Granite Mountain,
currently are being mined by the Minnesota Mining
& Manufacturing Company (3M) and McGeorge
Contracting (Granite Mountain Quarry). 3M has been
in operation since 1947 and mainly produces roofing
granules. A fine powder produced by 3M during crush-
ing that is marketed under the name Donnafill™
recently has seen use as filler in self-compacting
confined construction and as an additive (frit) in com-
mon brick. Since the early 1960s, Granite Mountain
Quarries has produced a variety of aggregates, ranging
from riprap to industrial sand, and recently con-
structed a computerized hot-mix-asphalt production
facility.

Approximately 4.5 million tons and 1.2 million tons
of syenite were produced from Granite Mountain and
3M, respectively, during 1979. No production values
are available after this date; however, combined pro-
duction from both quarries is estimated to be at least 6
million tons annually.

Braden, A. K., 1999, Nepheline syenite resources of central Arkansas, in Johnson, K. S. (ed.), Proceedings of the 34th forum
on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 353.
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A Mineralogical, Stratigraphic, and Geochemical Profile of Trona Bed 17
in the Solvay Trona Mine near Green River, Wyoming

Paul L. Boni and William W. Atkinson, Jr.

University of Colorado
Boulder, Colorado

ABsTRACT.—Trona, Na (COZ)(HCO,) - 2H,0, is mined
in quantity from saline facies of the Eocene Green
River Formation of southwestern Wyoming. The Green
River deposits are the world’s largest known resource
of natural sodium carbonates. An estimated 127 billion
tons of trona ore are known to occur in beds exceeding
4 ft in thickness (Wiig and others, 1995). Twenty-five
trona beds, exceeding 3 ft in thickness, and covering at
least 100 mi2 have been identified. The beds are num-
bered sequentially in ascending stratigraphic order.
Trona beds underlie more than 850 mi? (bed 17) and
are up to 37 ft thick (bed 1) (Culbertson, 1966). Five
underground mines, operating in beds 17, 19, 20, 24,
and 25, process trona to produce soda ash (sodium car-
bonate). A total of 11,837,703 short tons of soda ash
were produced from 17.1 million tons of trona ore in
1997 (Kostick and Clark, 1998).

A detailed study of trona bed 17, using techniques of
petrography and X-ray diffraction, has been under-
taken in the Solvay trona mine, near Green River,
Wyoming. A continuous, vertical-channel sample was
taken from near the production shaft for this study. At
this location, bed 17 is 12.6 ft thick and includes several
stratigraphic markers that are easily correlated
throughout the mine and in surrounding drill cores.
Bed 17 in this area averages 90% trona through its
entire thickness (Wiig and others, 1995) and 95-100%
trona in the lower two-thirds of the bed. Mineral impu-
rities include water-insoluble dolomite, quartz, pyrite,
clays, and other minerals and partially water-soluble
northupite and shortite. Northupite, Na;Mg(CO,),Cl,
contributes to chloride contamination in the soda-ash

product and is concentrated in the upper one-third of
bed 17, which is left behind as roof rock. Northupite has
two modes of occurrence: (1) as bedded strata with do-
lomite, chert, clay, and shortite and (2) between pri-
mary trona crystals in trona spar.

Petrographic and mineralogic data indicate that this
section of bed 17 was deposited subaqueously during its
early and late history and may have undergone periods
of deposition in a subaerial or marshy environment.
Stratigraphic data indicate that trona accumulated at
an annual rate of 2—4 in. per year.

During trona deposition, dolomite, CaMg(COy),, pre-
cipitated in parting layers when new water entered
the lake, freshening supplies of calcium and magne-
sium. The lack of clay minerals in the trona facies sug-
gests water input may be by means of springs, as op-
posed to overland flow. Clay occurrences in thicker do-
lomitic partings within the trona facies indicate periods
of episodic overland flow, possibly resulting from
storms in the surrounding basin.
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Flue Gas Desulfurization (FGD) Scrubber Stone in Indiana

Nelson R. Shaffer and Robert Sadowski

Indiana Geological Survey
Bloomington, Indiana

ABsTRACT.—Implementation of the Clean Air Act
Amendments of 1990 is negatively affecting production
of coal used for generating electric power in Indiana
and elsewhere in the Midwest. Required reduction of
sulfur compounds from gas streams, or flue gas desul-
furization (FGD), as mandated by these laws has en-
couraged installation of wet limestone scrubbers at
many generating plants. Increasingly stringent re-
quirements that will begin in 2000 are expected to ne-
cessitate even more extensive use of such scrubbers.
Indiana has large deposits of limestone—the major con-
sumable alkaline raw material for scrubbers—that can
meet an expected demand of several million tons per
year. Limestones are not, however, all the same. Differ-
ent limestone units behave quite differently when used
as scrubbing agents under differing conditions in ac-
tual practice. Decisions about FGD scrubber details
would be more meaningful if made with thorough
knowledge of which rock units contain the most effi-
cient FGD limestones and which sites of suitable stone
are located nearest to power plants. Even though abun-
dant carbonate rocks occur in Indiana, their suitability
in scrubbing systems has received little attention, and
few attempts have been made to match details of stone
resources to the needs of various utility scrubbing sys-
tems. Optimization of the fit between geologic charac-
teristics of the existing limestones and prospective
scrubber systems should allow for greatly improved
planning and operation of FGD systems with attendant
lower overall costs.

Electric utilities have developed computer models to
predict FGD system operations (i.e., the FGD-PRISM
model of the Electric Power Research Institute). These
models require geologic data such as reactivity that are

commonly unavailable. We generated data needed for
the model during a cooperative effort among the Indi-
ana Department of Commerce, the Indiana Geological
Survey (IGS), The Indianapolis Power & Light Com-
pany (IP&L), and the Indiana Mineral Aggregates As-
sociation. Our goal was to provide missing geologic de-
tails of Indiana scrubber-stone raw materials and ap-
ply them to the FGD-PRISM model to provide general
guidance to determine which geologic units can provide
stone for most efficient sulfur removal. Results of the
model for selected limestones and parameters specific
to one IP&L generating plant were calculated. Geologic
data generated may be applied to other generating op-
erations, and our examples should help other utilities
optimize their FGD strategies.

Several hundred samples from more than 30 active
quarries were collected and their physical properties
determined. Grindability values ranged from 7.2
to 21.7 for 50 selected samples. Acid-insoluble residues
of less than 1% to 13% were found. Dissolution rates
as an index of reactivity varied over two orders of
magnitude for the selected set of samples. These
data plus chemical analyses and Ca/Mg ratios were
entered into a generic scrubber model to determine
rates of stone use and scrubber efficiency for various
stone.

Removal of SO, was projected by this model to range
from 89% to 98% with stone utilization rates from 91%
to 93%. Excellent scrubber stone sources were found in
Mississippian rocks in central and southern Indiana.
Rocks of the Ste. Genevieve and Salem Limestones
were especially efficient. Even small amounts of dolo-
mite, clay minerals, and quartz diminished a stone’s
usefulness for FGD scrubbing.

Shaffer, N. R.; and Sadowski, Robert, 1999, Flue gas desulfurization (FGD) scrubber stone in Indiana, in Johnson, K. S. (ed.),
Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p.
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A Rapid, Inexpensive, Nondestructive Technique
to Assess Building-Stone Stains

Nelson R. Shaffer and Tracy D. Branam

Indiana Geological Survey
Bloomington, Indiana

ABsTRACT.—Secondary minerals, amorphous materials,
and biologic entities that form on building stone can
cause aesthetically unflattering changes in color
and may even result in stone decay. Techniques to
determine causes of such changes generally have
entailed destructive sampling and often required
chemical, thin section, X-ray, or other relatively
slow, expensive measurements. We have found that a
rapid leach of in-place stone using small volumes
(50-100 ml) of very pure distilled, deionized water
provides recovery of sufficient dissolved material
to help diagnose stone anomalies. Water is sprayed
onto the stone and collected in a nonwetting plastic
pan. Ion chromatograph analysis of waters thus
collected from more than 160 sites showed wide
variations in concentration of anions F, Cl, NO,,
and SO,. Anion analyses were made in minutes for
less than $20 per sample. Cations Ca, Mg, Fe, and
Sr also were detected, and analyses might be used
to determine mineral sources using equilibrium
computer models. Solid particles filtered from
the samples can be examined microscopically to
provide further information about atmospheric
agents affecting the stone. The collected water

can even be evaporated to precipitate dissolved
minerals.

Chloride values in samples rinsed from stone ran
as high as up to 17,000 ppm, nitrate to 100 ppm,
and sulfate to 1,000 ppm. Limited data also indicate
that measurable amounts of fluoride were found in
some of the rinse waters. Chlorides were most abun-
dant in areas where the stone has become dimpled
or spalled. Nitrates were generally higher near
ground level, and sulfate tended to be more abundant
in samples taken from higher sites or from sheltered
sites. Dark-stained limestone tended to yield less
soluble material than clean-looking stone. Leachable
elements were higher in samples from urban areas.
Most of our data are from limestone buildings, but
the technique works on other types of dimension
stone, man-made construction materials, and even
natural outcrops of rocks. Longitudinal studies show
that soluble materials vary through time and are af-
fected by climate. This rapid, in situ leach technique,
although still being perfected, shows great promise
in the diagnosis of stone alteration and in the evalua-
tion of stone treatments because it is completely
nondestructive.

Shaffer, N. R.; and Branam, T. D., 1999, A rapid, inexpensive, nondestructive technique to assess building-stone stains, in
Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological

Survey Circular 102, p. 356.
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Mining of Aggregates in Oklahoma

Andrew S. Lain

Dolese Bros. Co.
Oklahoma City, Oklahoma

ABsTRACT.—Before you begin mining aggregates in
Oklahoma, you must first look at the market and ask
these questions: (1) Is there a need for additional aggre-
gate production? (2) Can we produce the aggregate ef-
ficiently enough to compete? (3) Is the deposit close
enough to the market? If you can answer “yes” to each
of these three questions, then you are ready to start the
process for mining aggregates in Oklahoma.

The first consideration to be made is whether the
aggregates produced will need to meet state specifica-
tions. If you do not want to meet state durability stan-
dards, there are numerous formations you can mine
and produce aggregates. We will deal only with the for-
mations that will meet state durability standards.

These formations are located in the southern half of
Oklahoma and in the Tulsa area. Some of the forma-
tions that contain limestone, dolomite, and sandstone
that will meet state durability tests are West Springs
Creek, Kindblade, McKenzie Hill, Butterly-Royer, and
Rush Springs Formations. Granite and rhyolite also
are found in Oklahoma and can be used as construction

aggregates.

Once an area has been identified as having durable
material, and drilling has verified its properties, a per-
mit must be secured from the Oklahoma Department of
Mines, Oklahoma Department of Environmental Qual-
ity, and any other applicable agency before construc-
tion of a plant occurs.

There are many different brands of crushers avail-
able, but all work on one of two crushing principles—
either compression breakage or impact breakage. Each
type has its application in different industrial-mineral
types and the desired end product. A typical small
crushing plant would start with a jaw crusher for pri-
mary reduction, and then employ one standard cone
and one shorthead cone for secondary reduction. One
grizzly would be in the circuit with one finished-prod-
uct screen and three to four finished-product stackers.

Natural sands and gravels are found in rivers and
old river channels. These too need to be tested to see if
spec product can be produced. All of our sand opera-
tions have very little gravel; thus, we do not process the
gravel. The sand is processed through classifying tanks
for gradation.

Lain, A. S., 1999, Mining of aggregates in Oklahoma, in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology
of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 357.
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