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Overview

Weathering of rock material exposed at the Earth’s surface proceeds by a combination of physical and chemical processes that collectively result in the mechanical disaggregation and chemical breakdown of the rock.  The by-products of weathering include residual soils containing new minerals stable in the surficial environment, transported sediment, and dissolved ions.

The most significant of the chemical reactions that occur during weathering are the hydrolysis of feldspar and the oxidation of ferromagnesian minerals.  Two typical reactions are shown below:

Hydrolysis of K-feldspar
2KAlSi3O8       +   H2O 
+      2H+         =      Al2Si2O5(OH)4    +  4SiO2(aq)   +    2K+
K-feldspar



   kaolinite
 dissolved silica

Oxidation of Olivine

(Mg,Fe) 2SiO4
    +
4H+
=
Mg++
  +   
Fe++ 
  +
SiO2(aq) + 2H2O

      olivine

and, 

4Mg++
  +   Fe++   +  6SiO2(aq)  +  13H2O  =  FeOOH  +  Mg4Si6O15(OH)2.6H2O + 11H+ + 1e-





   goethite
sepiolite

Reactions among the dissolved magnesium, iron, and silica initially released by olivine dissolution generally produce several intimately mixed precipitates which include the iron hydroxide goethite  - FeOOH, a clay mineral, sepiolite Mg4Si6O15(OH)2.6H2O, and smectite.  The latter has a highly variable composition due to extensive site substitutions and is not given a specific formula here.  When this mineral mixture has a reddish-brown color it is called iddingsite, which you have previously seen in thin section examinations.

Notice that in each example the products of weathering include clay minerals and dissolved ions.  The clay minerals and the iron oxides (or hydroxides) are physically transported within the soil profile, often accumulating in the B-horizon. In our arid western climate, evaporation within the soil leads to the concentration of the dissolved ions in soil pore waters and to the precipitation of minerals such as gypsum, calcite, and manganese oxide within the B-horizon.  (Do you think this would also happen in a wetter climate?  If not, where are all those dissolved constituents going to end up?)

Many earth engineering problems involve man’s interaction with weathered rock!  For example: design of urban infrastructure, including road beds and building foundations, agriculture of all kinds and scales, and the placement of domestic and industrial landfills, all involve decision-making processes that include the expected behavior of the weathered surface.  In many instances it is a single attribute - the particular clay mineralogy  - that dictates the engineering properties of the soils.

Because clay mineralogy depends on the petrology of the rock being weathered, it makes sense to infer that the geological engineering attributes of the surficial soil surface will be directly related to the sub-soil geology.  (Of course, this would not be the case if the soils originated through transport processes as opposed to originating as residual deposits).  In this lab you will test this hypothesis through the investigation of the clay minerals in soils developed on several of the significant rock types in the Golden area and you will predict the engineering implications for four housing subdivisions currently under development.  Note: by investigating weathering of different rock types in one geographic area we have eliminated the significant role played by climate in determining the clay mineral suite that will be formed.

Pre-lab Preparation

1.  Find your mineralogy notes and textbook from a previous semester and do the following: (Instructor key –1)
a. Review the mineralogy of the clay group:  you should be familiar with the structure and chemistry of kaolinite, illite, chlorite, and smectite group minerals.

b. Review principles of X-ray diffraction including x-ray generation, sample preparation, and random powder analysis.

c. Find the mineralogy labs you did involving the use of software “DMSNT” and refresh your memory regarding the steps used to process raw diffraction data.


d. Make sure you have an active login to the department computer system.

2. Collect field samples by doing the following: (Instructor key –2)
a. Review the geologic map of Golden. Find the Precambrian/Pennsylvanian unconformity, the fluvial lower to middle Paleozoic non-marine sandstones and shales, (Fountain, Lyons, Lykins, Morrison Fms.), the Cretaceous Dakota sandstone and marine Pierre Shale, the late Cretaceous and Tertiary volcaniclastics (Laramie, Arapahoe and Denver Fms.) and the Table Mountain basalts.

b. Find the four active housing construction sites in Golden:



-West slope of North Table Mountain (Mesa Meadows Subdivision)



-East slope of Mt Galbraith (Canyon Point Subdivision)



-North slope of Green Mountain (Sixth Avenue Estates)



-West of the Dakota Hogback (Heritage Park)

c. Collect a sample of soil from each site.  You can use a ziplock sandwich bag or a brown paper lunch bag. Label the bags!!  Take a geologic map and a field partner with you and be certain you know which of the geologic units the soil has been developed on.  Watch out for construction traffic and the possibility that the area has been so disturbed that it is no longer clear whether the soil is still in place.  You can use good observation and common sense to figure this out in the field!

Laboratory Exercise
Objectives

In this lab you will:

a. learn principles of size separation and preparation of oriented samples necessary for the analysis of clay minerals;

b. learn the sequence of steps used to identify the clay minerals by X-ray diffraction;

c. interpret chemical weathering behavior of igneous, metamorphic and sedimentary rocks; and

d. assess construction risk associated with variable soil clay mineralogy.

Methods

Prepare field samples for lab analysis   (Instructor key – 3)

Describe each of the soil samples you collected using characteristics such as mineralogy, color, plasticity, and grain size distribution. Most of our soils are not heavily weathered so you might expect to find identifiable rock fragments. 

Separate the clay-size fraction   (Instructor key – 4)

A demonstration of the following procedures will be provided


( Suspend each soil in water in the beaker provided, shake well, and note the layering that occurs by particle size as the material settles.  We are interested in separating clay-size material concentrated into the uppermost layer from the whole soil so that the x-ray diffraction pattern is not dominated by quartz and feldspar and instead shows prominent reflections for the clay minerals.  To do this we utilize Stoke’s Law, which gives terminal velocities of particles settling in a liquid.  The form of Stoke’s Law useful in this exercise is:

t = 18h/g(dp-dl)D2
where:

 t = time to settle

 is the viscosity of the liquid (water, in our case)

h is the height of the cylinder containing the suspension

g is force due to gravity

(dp-dl) is difference in density between the particle (dp) and the liquid (dl)

D is particle diameter

( Shake the soil suspension again and after the coarsest particles have settled, pour off the clay-rich liquid into the plastic centrifuge tube provided.  Use the chart (derived from Stoke’s Law) provided to calculate how long to run the centrifuge at 1000 rpm in order that particles of size larger that 2 m will be settled (and thus particles less than 2 m will still be in suspension).  The centrifuge allows us to reduce the settling time given by Stoke’s Law by increasing g.

( When the centrifuge has stopped, remove your sample and set it aside, being careful not to disturb the sediment at the bottom.

( Assemble the vacuum filtration system using a white 0.45 m cellulose acetate filter disc (the blue discs are paper separators!).  Pour the supernatant liquid carefully into the glass filter funnel and turn on the pump.  This will pull the water through the filter paper leaving a deposit of clay particles, which are oriented with their c-axis perpendicular to the filter paper.

( Transfer the clay from the filter paper to a glass slide and set the glass slide aside to dry.

( Repeat the process for your remaining samples so that you have four oriented, air-dried clay separates.  Set them aside with suitable identification (all the student pairs will have similar appearing samples!)

X-ray Analysis  (Instructor key - 5)
Sign up for a supervised time slot on the sheet provided.  You should work in pairs but each student will need an individual copy of the diffraction patterns for interpretation.

X-ray diffraction analysis of clay minerals involves a series of scans each following a particular treatment of the air-dried preparation.  This is a completely linear process:  after each scan the pattern is interpreted and a decision is made about the appropriate next treatment.  All treatments and scans are conducted on the same, single sample.  Stated another way:  you don’t get to prepare multiple clay separates of each individual sample, do all the scans in one session, and then think about the interpretation later!! 

The tables below show the sequence of analyses and treatments along with interpretation that you will have to make.  During your first X-ray analysis period your instructor will review principles of X-ray diffraction with oriented clay minerals and will answer your questions regarding the interpretation.  You should anticipate that you will need to return to the lab one or more times to complete all the analyses that are needed for your samples.

Sample condition

Scan parameters

Interpretation           

1. Air-dried, oriented

2-35 degrees 2 theta
What minerals are present?

Is there evidence for a smectite group clay?

Is there a possible chlorite/kaolinite interference?

2. Exposed to EGME for
2-20 degrees 2 theta
Is swelling clay confirmed?     

     24 hrs





(shift in 001 to lower 2-theta)

3. Heated to 375 C for 1 hr
2-20 degrees 2 theta
Is swelling clay confirmed?








(001 collapse to 10 å)

4. Heated to 550 C for 1 hr
2-35 degrees 2 theta
Aids in identification of 

mixtures of chlorite and kaolinite

Approximate Spacing of First Order Basal Reflections (Angstroms)

Mineral
air-dried (Mg2+ sat)
 EGME sat

357oC

550oC

Kaolinite
7å


7 å


no change
disappears
Illite

10 å


10 å


10 å

10 å

Smectite
14 å


17 å


10 å

10 å
Mixed I/S
> 10 å


11-15 å

10 å

10 å

Chlorite
14 å


14 å


14 å

13-14 å
Note:  Chlorite and kaolinite can sometimes be distinguished if the higher order reflections start to resolve into two distinct peaks. (e.g. (001)Ka/(002)Cl; (002)Ka/(004)Cl).

EGME:  ethylene glycol monoethyl ether.  The higher volatility associated with the monoethyl ether speeds uptake of the ethylene glycol into the interlayer.

Interpretation

Interpret clay mineralogy of each soil   (Instructor key – 6, 7)

Using the lecture material and the typical X-ray patterns drawn using the program NEWMOD© determine what clay minerals are present in each sample.  It is likely that each soil will have more than one clay mineral and could have as many as four!  Furthermore, your size-based separation of the clay minerals will also include non-clay minerals that are less than 2 microns in diameter. You need to identify these, as well.  Do not use Search-Match for oriented clay mineral separates.  This computer search routine is not suitable for these samples (why?). 

You may label the reflections by hand on the diffraction patterns using the mineral name and the basal spacing order (for the clays only).  For example, you might identify illite(001) illite(002) and illite(003).  No unidentified peaks!  It is often helpful to stack air-dried, glycolated, and heat-treated diffractograms to see peak shifts.  You can do this using DMSNT (we will show you how).

Explain the weathering characteristics of each rock type  (Instructor key – 8)
You should be able to reconcile the parent rock mineralogy with the composition of the soil based on your lecture notes and supplemental reading. Write a simple chemical reaction that explains the formation of kaolinite/smectite/illite from plagioclase/K-feldspar/volcanic ash, as appropriate, for each soil type.  Notice that a reaction producing kaolinite from K-feldspar is provided as an example in the introduction to this lab and you also have more examples in your lecture notes.  

Analyze the Engineering Impact of each soil type (Instructor key – 9)
Read the following overview of the significance of swelling soil to road base and building foundation stability. The cost of damage caused by swelling soils in the US has been estimated to be $9 billion annually, in 1997 dollars!  One of the engineering solutions to swelling soils is to add lime (as CaO or Ca(OH2)).  The lime provides calcium ions, which initially enter the smectite interlayer site, replace the indigent ion population (including sodium), and reduce the amount of water uptake:  this happens within 24 hours and allows construction traffic to operate on the site.  In experiments on swelling of montmorillonites it is found that Ca-montmorillonite will only take up two layers of water molecules over a very wide range of relative humidity whereas Na-montmorillonite can take up water continuously eventually becoming gel-like.  Over a period of several days to a month, the lime-treated soil “cures”.  During curing, the high pH ((12) in the soil pore waters causes the clays to breakdown producing a mixture of calcium and aluminum silicates (“pozzolanic reactions”) somewhat similar to those found in Portland cement.

Lime treatment of swelling soils was developed initially by geological and civil engineers working in humid climates.  When this technique was applied in arid climates it was noticed that on occasion lime treatment induced very severe swelling. This apparently anomalous behavior was traced to the presence of water-soluble sulfate in the treated soils.  The sulfate in gypsum, for example, reacts with the lime and clay mineral breakdown products to produce a mineral from the ettingite-thaumasite solid solution series (Ca6Al2(SO4)3(OH)12 (26H2O –  Ca3Si(CO3)(SO4)(OH)6(12H2O).  The new mineral can accomodate up to 26 water molecules and has a greater swelling potential than the smectite!  Geotechnical and civil engineers have coined the term “sulfate-induced heave” for this phenomenon.  In lime-treated arid soils an engineering objective is thus to eliminate access of water as much as possible.  What do you think the effect of irrigated lawns might be on foundation stability in each of the new subdivisions?

The cost of treating swelling soils with lime is significant.  Typically the dry lime product is stored on-site in a tank, water is added to make a slurry at the time of application, the lime slurry is sprayed onto the surface and then mixed down into the soil to 1-2 feet depth.  The quantity of lime to be added is determined during laboratory tests.   Lime is added in small increments to a soil-water paste until the paste pH stabilizes at 12 and further lime addition does not increase the pH (soil water is saturated with Ca(OH)2).  Depending on the smectite content this is typically between 2-8 wt% Ca(OH)2. Although the lime itself is not expensive, earth moving contractor time and equipment, as well as the inactive period at the site when the soil is curing, all add to construction cost.

You should assess whether or not liming will be needed at each site based on the identification of smectite in the clay mineral suite.  If you have both smectite and gypsum present in any of the soils you should note that there is a high risk for sulfate-induced heave.

Plasticity Index: (Instructor key –10). You can perform a simple test, which is based on the test for the Atterberg plastic and liquid limits, and rank your four soil samples in terms of plasticity index.  Read the test procedures, as supplied, and interpret the results from the table below.  Because plasticity (in an engineering application) is related to the ability of the soil to retain water, it is also related to the smectite content.  Comment on whether your plasticity tests correlate with the soil mineralogy.

Liquid Limit (%)
Plasticity Index (%)

Expansive Potential

<50


<25


Low

50-60


25-35


Moderate

>60


>35


High

Write a report  (Instructor key –11)


Your report should be typed and have a professional appearance. The following sections should be included:

1. Introduction (purpose for doing the lab)

2. Geologic setting for samples selected

3. Methods of analysis

4. Results (include your interpreted diffractograms)

5. Discussion of geologic significance (weathering of different rock types produces distinctive clay mineral suites) and engineering significance (how soil- type influences construction decision-making)

6. Conclusions. There should be three parts, as follows: (1) Make a succinct summary of the relationships among rock type, soil formation, and construction site preparation costs in the Golden area; (2) Prepare a technical statement for the Jefferson County Planning and Zoning Authority in which you describe the risk for swelling soils in the Golden area (get out your geologic map!); and (3) Prepare an advisory statement to those homeowners who should consider xeriscaping as opposed to traditional irrigated landscaping.  Remember that the average homeowner does not have an engineering or science degree so write your advisory appropriately!
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