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FLUORIDE AT THE NORTH BOUNDARY 
OF 

ROCKY MOUNTAIN ARSENAL 

1. Purpose and Scope 

The purpose of this report Is to calculate groundwater flow and fluoride 
mass flux at the north boundary of Rocky Mountain Arsenal. The calculations 
were done for the existing bentonite barrier and the extensions of it to the 
east and to the west.  Figure 1 shows the area studied.  Both alluvial and 
Denver formation aquifers are considered. 

2. Discussion 

a.  Alluvial Aquifer 

(1) The mean fluoride values listed in Table 1 are based upon two 
or more observations except as indicated. The number of wells used in 
each zone varies because of the distribution of wells in the area. 

(2) The saturated thickness of the alluvial aquifer is based upon 
the review of stratigraphic cross-sections in the north boundary area. 
Permeability was estimated from pump tests conducted by the Waterways 
Experiment Station' in 1978 and from calculations done in a report by 
S. P. Miller of Waterways Experiment Station.' The hydraulic gradient 
was determined from a Rocky Mountain Arsenal water table elevation map. 

(3.) Table 2 shows that seventy-one percent of the alluvial water 
flowing across the north boundary is in zones h and 5. The fluoride 
level in zone k is only 0.02 mg/1 above the State of Colorado's maximum 
limit for fluoride in drinking water. That in zone 5 is less than half 
of the maximum drinking water limit. These two zones represent thirty- 
six percent of the barrier length but over seventy percent of the water 
flow. 

Miller, S.P., Interim Containment System Groundwater Treatment, Rocky 
Mountain Arsenal, Denver, CO, USAE, Waterways Experiment Station, Soils and 
Pavements Laboratory, September, 1976. 



SECTION 23 

Barrier 
Well ID Bore ID Zone XF- Depth 

41 390 4.56 15.4 
1 25 5-13 8.1 

OP306 - 4.53 - 
125 260 . *4.80 18.0 
42 391 *1.17 16.8 
124 259 *3.80 16.0 
20 199 **2 *1.07 - 
no 691 2 3-59 16.0 
in 692 2 3.79 19.0 
123 687 2 4.30 20.0 
118 682 2 5.60 13.5 
119 683 2 2.72 14.0 

. 120 684 2 2.66 13.5 
48 397 2 3-29 17-9 

SECTION 24 

Barrier 
Well ID Bore ID " Zone XF- Depth 

56 688 2 3-99 21.0 
12 183 2 3.18 - 
6 60 3 3-23 12.8 

25 221 3 3-48 12.0 
13 209 3 2.58 13.7 
5 45 4 2.68 6.1 
60 190 4 *2.40 18.4 
61 191 4 2.42 17.0 
59 344 . 4 2.41 ... 18.0 
29 345 4 2.20 20.3 
4 119 . 5 1.42 9.0 

30 347 ' "■  5 • 1.08 19.4 
31 349 5 0.89 20.4 
32 351 6 0.27 44.7 

*0ne Sample 
^Existing Barrier Zone 

TABLE 1 

List of wells used to determine F concentration in the bentonite 
barrier zones of Sections 23 and 24 of Rocky Mountain Arsenal.  Fluoride 

values are in mg/1.  Depths are in feet. 
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By reducing the flow of water in zones k  and 5 by 20, kO,  60 and 80 
percent, fluoride mass flux changes according to Table 3« 

— ■-■—  • 

Barrier 
Zone 1 **2 3 * 5 6 Totals 

L ft 700 1500 1500 1000 1300 *00 6400 

M ft 7 7 10 10 15 10 
A ft2 1.900 10500 15000 10000 19500 *000 63900 
K ft/da 200 200 200 575 575 200 
1 0.0067 0.0067 0.0067 0.0067 0.0067 0.0067 

1.597 x J0f 
1.195 x I06 

Q ftVda 6566 11.070 20100 38525 7512* 5360 
Q gal/da 1.911* 1052*«* 1503*8 288167 561928 *0092 
d gal/min 3*i.l 73.1 10*.* 200.1 390.2 27.8 830 
XF" mg/1 3.18 3-*2 3.10 2.*2 1.13 *0.27 ***l-90 
XF" g/gal 0.012 0.013 0.012 0.009 0.00* 0.001 
F g/da 589 1368 180* 259* 22*8 *0.9 86** 

L  » length of aquifer 
H. » thjckness of aquifer 
A  - L •M - cross sectional area " 
K  = permeability • 
I  ■ hydraulic gradient 
Q  - K-A-i - flow 
W = mean value of F" concentration 

. F  - Q •XF" - m ass flux - -  '""• - 

* One Sample"'       ;" ■•'•' 
** Existing Barrier_Zone ■"-.; ;,.', 

*** Qfotal/fTotal  -XF" Total J    ..   _;; 

' -   "■   •'.'.'•': ■""■J'l* 1 TABUE i'l-•■-■:rr.~j.—   •• 
7  ■ '     ■■'   ... \. -..'.     -        _ -:*""' - *-!. '•' 

Calculations for water flow and mass flux of F" for each bentonite 
Barrier zone of the alluvial aquifer 

Percent 
Reduction 0. gal/da (gal/min) F g/da (g/min) XF" mg/gal (mg/1) 

20 
*0 
60 
80 

1.025 "x 106 (712) 
8.550 x lof (59*) 
6.8*9 x JO' (*76) 
5.151 x 105 (358) 

7675 g/da (5.32) 
6707 g/da (*.66) 
5738 g/da (3.98) 
*770 g/da (3.3D 

7.5 (1.98) 
7.8 (2.06) 
8.* (2.22) 
9.3 (2.*6) 

TABUE 3 

Changes in mass flux and concentration of F" at the north boundary 
of Rocky Mountain Arsenal by reducing water flow through the high 

permeability zones of the bentonite barrier extension. 



The effect upon fluoride leveT decreasing flow in the zones of high 
permeability is shown by Figure 2. 

2X> 

1.5 

F' 
PPM 

1.0 

0.5 

0.0 

rtAV. F- W DRINKING WATER — ■ 
ALLUVIAL A BEDROCK —o—o— 

ALLUVIAL ONLY —•—•— 

0.0 2O0      .      4Ö.OJI      ^00 

FLOW   REDUCTION 
PERCENT 

80.0 100.0 

FIGURE 2 

Reduction of maximum  flow  required   to produce a  fluoride  concentration   in excess 
of  the maximum state  limit. 



b,  Denver Formation 

(1) The mean fluoride concentrations in the Denver sands are well 
below the maximum state limit. Of twenty-six sites sampling water in the 
Denver Formation, only two exceed 2.40 mg/1. The fluoride values shown 
in Table h  are used to create the mean fluoride Values used in Table 5. 

T 
Site ID Well ID Depth Ft XF" Barrier Zone 

885S 23-163 46.5 0.37 1 
885D 23-16* 85.0 1.98 I 
991S 23-167 49.5 *0.34 1 
991H 23-168 71.5 **5.10 1 
9910 23-169 94.0 1.18 1 
978S 23-161 69.0 0.83 2 
978D 23-162 107-5 0.54 2 
959 24-113 41.0 2.30 3 
967 24-129 25.2 **2.A6 3, 
976S 24-131 62.2 0.69. 
976D 2*1-132 50.5 1.05 
977S 24-133 48.0 1.01 
9770 24-13* 73.5 1.24  • 3 
979S 24-135 33.0 1.81 "3 
979H 24-136 57.5 0.62 
9790 24-137 90.5 1.21 
981S 24-138 43.0 1.66 
981D 24-139 79-0 1.16 
983S 24-140 27-5 2.24 
9830 24-141 62.5 *. 1.74 
984S 24-142 49.0 1.58 
9840 24-143' 75-0 2.23 4 • - 

985 24-144 49.0 1.08 
986S 24-145 57.0 1.21 
9860 ■ 24-146 37.5 1-30 

987 24-147 82.5 1.28 

*0ne sample' '- -^-i..•. ^ 
**Exceeds State Limit 

TABLE 4 : r 
Sites at the north boundary of Rocky Mountain Arsenal sampling ground- 
water from the Denver formation in Sections 23 and 24.  Mean fluoride 

concentrations, XF~, are in mg/1 (ppm). . ■;-:-~:' 



(2) The calculations in Table 5 are based upon the cross-sectional 
area of Denver sand fifty feet or less below ground surface. This was 
done because the preliminary design idea for the extension of the treat- 
ment system was to construct it to an average depth of fifty feet. 

(3) The permeability of sand units in the Denver formation is two 
orders of magnitude less than that of the alluvial aquifer. This is 
based upon a core analysis from Boring 978 of a sand unit at a depth of 
110 feet with a laboratory permeability of 26^0 millidarcys (7-2 ft/da). 

(k)     Boring 975, located at the east end of "Bog"*, indicates that 
the regional dip of the Denver formation is to the north.  The normal 
regional dip of the formation is to the south in the vicinity of Rocky 
Mountain Arsenal.  Since the sand units in the formation are completely 
confined by shale and clay, the hydraulic gradient and the regional 
dip are the same. The hydraulic gradient shown in Table 5 is roughly 
„twice . that_of_.the.alluvial aquifer.--     ._...     — 

(5) It can be seen from Table 6 that mass flux of fluoride in Denver 
sands represents only about one percent of the total mass flux of fluoride 
at the north boundary of Rocky Mountain Arsenal. The total area of bedrock 
sand mapped along the bentonite barrier alignment is 1,333, 123 square feet. 
The vertical, distribution of Denver sand is _shown_ln Table?.  

(6) Table 8 shows that total groundwater flow in the north boundary 
area must be reduced by just over, half the maximum amount before the 
fluoride concentration exceeds the maximum state limit. 

Barrier ~J^S^- '■     -" 

Zone 1 2 "3 ' ft 5 Totals 

A ft2   10700  4660  ft760 "5660 11960 377ftO 
K ft/da 7.2 7.2 7.2 7-2 7.2 
i 0.011ft o.oiift 0.011ft 0.011ft O.Otlft 
Q ft3/da 878 382 391 ft65 982 3099 
Q gal/da 6567 2857 2925 3ft78 73ft5 23173 
Q gal/min «1.56 1.99 2.03 2.ftl 5.10 16.1 
XF- mg/1 0.36 1.2ft 1.12 1-91 1.15 1.0ft 
XF" g/gal 0.0013 0.00ft7 0.00ft2 0.0072 o.ooft3 0.0039 
F g/da 8.5*1 13.ft 12.3 25.0 31.6 90.8 

• TABLE 5 

Calculations for water flow and mass flux of F" for each bentonite barrier zone 
in Denver sand. There are no wells in Zone 6 that sample Denver sand. 



Barrier - 
Zone 1 • 2 3 . 4 5 6 

Total 
F 

F g/da alluvial 589 1368 1804 2594 2248 40.9 8644 

F g/da bedrock 8. 54 13-* 12.3 25.0 31.6 - 90.8 

F g/da total 597-5 1381.«i 1816.3 2619 2279.6 40.9 8734.8 

%  F alluvial 98.6 . 99-0 99-3 99.0 98.6 - 

I F bedrock 1.4 1.0 0.7 1.0 1.4 - 

TABLE 6 ~      J/' '■.;''. . 

Comparison of fluoride mass flux in the alluvial and bedrock aquifers in 
different bentonite barrier zones. .. _".'.. 

Depth Feet - Area Percent Area 

<50 

>50 

40520 

92603 - 

30* 

70% 

■:;;i_   TABLE 7 

Vertical distribution of sands in the Denver formation at the north 
boundary of Rocky Mountain Arsenal, Sections 23 and 24. 

Percent Q. 0_, gal/min Q, gal/da F, g/da C, mg/gal C, mg/1 

100 
80 
60 
40 
20 

846 
677 
509 
340 
171 

1.218 x 106 

9.753 x 10S 
7.324 x 10| 
4.894 x 105 

2.466 x 10s 

8735 
7352 
5968 
4583 
3197 

7-2 
7.5 
8.2 
9.4 
13.0 

1.90 
1.99 
2.16 
*2.48 
3.43 

*Exceeds maximum state limit 

TABLE 8 

Groundwater flow and mass flux of fluoride at. the north boundary of Rocky 
Mountain Arsenal combining alluvial and bedrock groundwater.  C is concen- 

tration of F 

< :■-■*- — ■-«■': 

** 



c. Fluoride Data 

(1) The reliability of mass flux calculations is based largely upon 
the quality of analytical data for fluoride concentration in groundwater. 
Historically, fluoride data produced by the MALD at Rocky Mountain Arsenal 
shows higher values than those produced by the Colorado Department of 
Health. This difference in analytical values is illustrated in a 
Memorandum for Record from USATHAMA: 

"As fluoride data was evaluated at each well location, 
it was apparent that duplicate analyses were conducted 
for the period 1 Jul 75 to 15 Jan 76. The first was per- 
formed by the State of Colorado at the same time a second 
was performed by MALD, RMA. Visual comparison indicated 
that consistently different results had been obtained. 
Table 3 represents a statistical comparison of the two 
sets of analyses,  in every case the State of Colorado 
average is below that obtained by RMA. The difference 
is approximately 0.3 to O.h  mg/1. Variation between the 
two results can probably be related to a difference in 
the analytic measurement technique.  Comparison of the 
variance indicates that in almost every case, the dis- 
persion of results is greater for RMA. Again, this 
anomally can be attributed to a difference in analytical 
measurement techniques."2 

(2) Table 3 from the same Memorandum for Record is presented 
as Table 9 in this report for visual comparison of the fluoride 
analytical techniques of Rocky Mountain Arsenal and the Colorado 
Department of Health. 

(3) While working at the Analytical Systems Branch, Bldg 7^3, 
Rocky Mountain Arsenal, the writer conducted an informal study to 
find out if fluoride concentration in water was dependent upon analytical 
technique. The established technique, a colorimetric one with a distill- 
ation step, was compared to three techniques using an ion specific 
electrode (ISE) detector.  The study was done using actual 360° Program 
wells and fluoride standards in distilled water.  The study indicated 
that fluoride concentration in the same sample varied according to the 
analytical technique used.  The technique comparison study is 
presented äs Table 10. 

2Campbell/ D. L., DRCPM-DRR, MFR, 1 February 1978, Evaluation of 
RMA Fluoride Data. 
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(k)    Both studies show that fluoride values vary according to 
the technique used. Specifically, the Colorado Department of Health 
has produced values 0.3 - O.k  mg/1 lower than those produced by the 
Analytical Systems Branch, Bldg 7^3, Rocky Mountain Arsenal, for the 
same sites. Viewing Table 11 with this in mind, one sees that flow 
must be reduced to less than forty percent of maximum before the Z.k 
mg/1 maximum limit of fluoride Is exceeded. 

Colorimetric ISE (CDTA) ISE ISE 
Sample Site 10 w/Disti1tation w/Distillation w/CDTA No CDTA 

A01621 20-1 l.«i9 1.60 1.29 1.24 

A01622 6-1 1.07 1-25 0.90 0.90 

A01623 6-2 1-73 1.84 1.56 1.56 

A01624 7C0DC 2.32 2.46 1.96 1.94 

A01625 30BCCD 1.58 1.75 1.42 1.41 

A01626-— 26CDBA - 1.99 - 2.51 1.79 1.80 

A01627 35-5 1.11 1.40 1.00 0.98 

A01628 "■ 26-1 -. 3.50 ..-': 3.58 " 2.92 2:86 

A01629 "" 26-5 ---- 2.12 ■--■-• 2.54 1.82 1.70 

AOI630 27-2 1.40 1.58 1.23 1.22 

A01637 22-2 0.45 0.77 0.35 0.35 

A01662 26-19 3.56 3-75 3.02 2.96 

A01663 26-21 2.60 2.95 2.22 2.20 

A01664 26-22 2.76 3.24 2.48 2.40 

A0I665  - 26-31 0.91 1.16 0.78 0.77 

X2.0ST0 2.00 2.02 2.00 2.00 

XI.5ST0 1.58 1.54 

X1.0STD *1.06 

X0.5STD 0.58 0.54 0.54 

X0.2ST0 • 
0.20 0.20 

*0ne Sample 

TABLE 10 

Comparison of fluoride determination techniques' (23 February 1978).  Fluoride 
values are in mg/1 (ppm). CDTA is a reagent that prevents fluoride ions from 

-...,-.. "-     becoming complexed with metal ions.:_--,.-_^~.-."-;"-y:-~;-- 

Fluoride 
Method 

%  Maximum Flow 
to Exceed 2.4 mg/1 0. gpd (gp">) 

RMA 

CDH 

44.4 

35.6 

5.045 x 105 (375) 

4.334 x 10s (301) 

TABLE 11 

Comparison of fluoride methods in relation to groundwater flow at the 
north boundary. 
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3. Conclusions 

a. Although nearly eighty percent of the alluvial wells used in this 
report exceed the 2.4 mg/1 fluoride limit, their effect is more than off- 
set by the low values found in barrier zones 4 and 5. This off-setting 
effect is due to higher permeability in those two zones, which results 
in higher water flow rates. 

b. If fluoride were the only ion to be considered in the extension 
of the north boundary treatement system, the eastern end of it could be 
located in the vicinity of Well 24-29 (boring 345). However, chemical 
data;shows that Nemagon (DBCP) is found in wells east of 24-29. 

c. Since the treatment system would have to be extended to First 
Creek to intercept Nemagon contamination, fluoride is eliminated as 
a contaminant in the groundwater. The additional water containing 
Nemagon has fluoride levels less than one-half of the maximum fluoride 

■limit. When this water is mixed with that from other areas of the 
north boundary containing higher fluoride concentration, dilution 
occurs. Thus, fluoride concentration of water entering the treat- 
ment plant is well below the maximum limit of 2.4 mg/1. 

4. Recommendat i ons 

a. The treatment system should be extended eastward as planned 
to a point just east of Well 24-32 (Boring 351). By extending the 
system to this point, it is highly probable that both Nemagon and 
fluoride will be eliminated as groundwater contaminants at the north 
boundary of Rocky Mountain Arsenal. This is based upon current chemical 

data. 

b. It is recommended tha a fluoride treatment module not be 
installed in the expanded treatment system. However, the system should 
include plumbing connections so thata fluoride module could be easily 
installed if subsequent chemical data showed the need for one. 

c. Recent chemical data indicates that several organic compounds 
may be in Denver sand at depths greater than the fifty foot design 
depth of the expanded north boundary treatment system,  upon completion 
of sampling and evaluation of chemical data from the north boundary area, 
a recommendation about the depth of the proposed treatment system can 
be made. 
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