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pits, and roadcuts. We surveyed the shorelines by boat and took samples and
measured sections at cliff exposures. Contacts between map units are commonly
not exposed and are only approximately located. They are generally located by
outcrop mapping, air photo and lidar interpretations, interpretations of water

and sand of northern or mixed northern and Cascadian source,
deposited during glacial advance; locally contains nonglacial

Qgas | sediments, typified by silt rip-ups, cobbles, and peat rip-ups as lag
along channel sides and bottoms; gray where fresh, light yellowish
gray where stained. Sands (unit Qgas) are commonly thick (locally
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Figure 2. Outcrop of tephra interbedded with unit Qps at Butterball Cove. Chemical analysis Figure 1. Marine oxygen-isotope stages (from Morrison, 1991). The numbers within the graph are stage numbers; the even-
at three different laboratories identified this tephra as probably from Mount St. Helens, numbered peaks (at top) are glacial maxima and the odd-numbered troughs (at bottom) are interglacial minima. The blue areas
although a specific match could not be positively identified. indicate interglacial episodes, based on a cutoff at -0.5 '80 oxygen-isotope values (equivalent to Holocene interglacial values).
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INTRODUCTION ACKNOWLEDGMENTS PLEISTOCENE DEPOSITS OLDER THAN VASHON DRIFT
The Lacey quadrangle is located at the south end of Puget Sound in Thurston Support for identification of tephra was provided by Franklin F. Foit, Jr. Pre-Vashon sand-size or finer deposits—Massive to cross-bedded
County and includes most of the city of Lacey and part of the city of Olympia. (Wash. State Univ.) and Andrei M. Sarna-Wojcicki and Thomas W. Sisson Qps | nd interbedded with laminated silt and minor peat, diatomite, and
Land use is primarily urban, industrial, or low-density residential. (U.S. Geological Survey). We have also benefited greatly from discussions with gravel; immediately subjacent to Vashon Drift and generally
Derek Booth and Katr_ly Troost (Univ. _of Was_h.) and Ray Wells and I_3rian overlying unit Qpg. This unit is thought to be of nonglacial origin,
GEOLOGIC HISTORY 2her|rod_ (llillls. G_eolgglcal Survedy). Zh's maE[)_ 1S sAupported ?{\Itheo';ﬁt'oggooﬂ and is dominated by varied Cascade-source volcanic lithic rock types.
eologic Mapping Program under Cooperative Agreement No. ; ; ;
Late Wisconsinan—age Vashon Drift covers most of the quadrangle. Pre-Vashon with tr?e U_S_pgeo?ogici Survey. P J 0 These s_edlme(r;ts havg ?rewguslg be?n rleferrgd to thel I:'tsaﬁ I
units are generally exposed only along coastal bluffs, where mass wasting is Formation and were Inferre to be of Olympia age, although a
TAoN common. Landslides and colluvium disrupt and obscure the continuity of DESCRIPTION OF UNITS b dipﬁs'ts‘ Im the south rugelt .LOWIaTd are older thandthehtype
TI8N . \6 N exposures so that pre-Vashon geologic history is not easily deciphered. In the i%cgéon N dt € ? ymplg_nongbacw} |fr_1t(_etrva (Armsttro_r|1_g an do_t erst,)
§ O\ south Puget Lowland (south of Tacoma), all finite radiocarbon ages reported Quaternary Unconsolidated Deposits sam )Ian mos b"’}[r? a q |fo car t%n-lrl]' #" eor sus;iﬁc t-' ";"tr?‘l Lj)garthon
o Qgos before 1966 are suspect due to laboratory contamination (Fairhall and others, ples were obtained Irom the clitt exposure that Is detarled in the
37 8 1966, p. 501). Stratigraphic assignments based on these invalid radiocarbon ages HOLOCENE NONGLACIAL DEPOSITS stratigraphic c_olumn nexF to Figure 2'. Degter (1979) has shown that
‘i are now questionable and need to be re-evaluated. We have systematically Fill . . . . Fhe_t;_/pe Ioc_allty of the Kitsap F_:ormatlon mclqdes a q|ocarbon-
= sampled all datable material from nonglacial sediments subjacent to the Vashon - Fi —Clay, s_|It, sand, gravel, organic matt_er, .rlp-rap, and debris; _ infinite s_edlments _of both glacial and nonglacial origin, and we
'§ _ Drift and found them to be older than previously reported. With a few |r:cludes en_gmeered_ and noq—t_angmeer_ed fills; shown only \{vhere fill follow his suggestlon that the name be abant_joned._Because we
L — exceptions, these sediments have been beyond the range of radiocarbon dating. p acz_ar_nent is extenswg, suffl_m_ently thick to be of geotechnical cannot gstabllsh that all pre-Vashon nqnglamal sedlmt_ants are
The antiquity of the pre-Vashon units causes radiocarbon dating to be of significance, and readily verifiable. correlative, we have chosen not to assign them a stratigraphic name.
Qp a little Ihel_p Ifor _Takllng co:jrelatlonsl, :;1_nd att)rupt faC||eDs ch_atngiﬁs W'g?]'c?. gl?ﬁ'al and - Modified land—Soil, sediment, or other geologic material that has A Pre-Vashon gravel—Gravel and sand, generally of mixed northern
° honglactal units also render correiations tenuous. Despite these diticulties, we m been locally reworked to modify the topography by excavation and P9 | and Cascade Range provenance; moderately to poorly sorted,;
36 hgve developed aco nceptu_al model for thg more recent pre-Vashon geolpg|c (or) redistribution. commonly cross bedded but may lack primary sedimentary
history that is consistent with our observations but by no means compelling. structures: commonly tinted orange with iron-oxide staining;
The oxygen-isotope stage 4 glagiation, f:alled the Possession Gl_aciation in . Alluvium—Silt, sand, gravel, and peat deposited in stream beds and stratigrapr;ically underlying the Vashon Drift: most common’ly
J 5 e s B s o * | estaris may s some st and s dposs
Z Pl . Lo . . _— . . portions of unit Qpg are relatively resistant to erosion; inferred to be
2 Bluff Drifts respectively. The Possession ice sheet probably did not extend far Beach deposits—Mud and sand deposited in the intertidal zone or of glacial origin because interglacial conditions do not appear
Qp south of Seattle (Lea, 1984; Troost, 1999). Because the ice sheet blocked e residual gravel on a wave-cut platform. i i o i
. . . conducive to streams with sufficient competency to deposit
Ejralnagg O(;n. of Pugt;etf?rc:und t:)hthe lSDtralttolf Ju:;m ((jje SFtuca, a p;:ogl_ama_l Itakteh\_/vas Colluvium—Loose soil and glacial sand and gravel deposited by soil widespread gravels in most of the Puget Lowland and because the
; impounded in most of the southern Puget Lowland. Streams flowing into this — P . :
EZ%EL lake, such as the Nisqually, Puyallup, and Skokomish Rivers, formed an alluvial Qmw creep and shallow ravelling on hillslopes, some of which occurred QZJS?S”W of the exposures include northern-source metamorphic rock
— 40 q plain and deltas grading to lake level. These nonglacial sediments, deposited during the waning stages of the Vashon Stade of the Fraser '
during stage 4, are all radiocarbon-infinite and overlie and interfinger with Glaciation. Shown where colluvium is of sufficient thickness to mask
0 Possession outwash deposits. Once Possession ice no longer impounded the lake underlying geologic strata. REFERENCES CITED
L% (but sea level was still significantly below modern sea level), existing drainages, ) ) ) ) ) ) Armstrong, J. E.; Crandell, D. R.; Easterbrook, D. J.; Noble, J. B., 1965, Late
such as the Nisqually and Puyallup Rivers, deeply and rapidly incised into their Qp Peat—Organic and organic-matter-rich mineral sediments deposited Pleistocene stratigraphy and chronology in southwestern British Columbia
ake former alluvial plains and became entrenched. At least initially, stage 3, called in closed depressions; includes peat, muck, silt, and clay in and and northwestern Washington: Geological Society of America Bulletin,
the Olympia Interglaciation locally (Armstrong and others, 1965), was adjacent to wetlands. V. 76, no. 3, p. 321-330.
characterized by downcutting and erosion. As sea level began to rise, most Bodle, T. R., 1992, Microzoning the likelihood of strong spectral amplification
deposition was confined to the entrenched channels. Because stage 3 sea level RN '
Qp Wai probably about 100 ft lower than modern sea level (Ludwig gand others, PLEISTOCENE GLACIAL DEPOSITS of earthquake motions using MMI surveys and surface geology: Earthquake
\ P 1996, and references therein), stage 3 deposits were areally restricted. As Vashon Deposits of Continental Glaciers—Cordilleran Ice Sheet Spectra, v. 8, no. 4, p. 501-527.
T ice advanced and sea level fell again at the beginning of stage 2, these rivers Booth, D. B., 1994, Glaciofluvial infilling and scour of the Puget Lowland,
qQ preferentially downcut in the same channels, eroding the late Olympia deposits VASHON STADE OF THE FRASER GLACIATION Washington, during ice-sheet g|aciatign; Geology, v. 22, ng_ 8, p. 695-698.
so that finite-aged Olympia deposits would be rare above sea level. Glacial sediments described in this section consist mostly of rock types of )
4 As Vashon ice moved southward and grounded across the Strait of Juan de northern provenance, most from the Canadian Coast Range. A wide variety of Booth, D. B.; Goldstein, B. S., 199‘_1: Patterns and processes of landscape
B JJ c/ Fuca during stage 2, it dammed the northern outlet of the Puget Sound basin. metamorphic and intrusive igneous rocks not indigenous to the Puget Lowland development by the Puget lobe ice sheet. In Lasmanis, Raymoqd, Cheney,
3 7 Proglacial streams carried fluvial sediments southward into the Puget Lowland and generally southerly directed current indicators help distinguish these E. S., convenors, Regional geology of Washington State: Washington
B N ; VZ ushroom filling proglacial lakes and eventually the Puget Sound basin, first with silts, materials from the volcanic-lithic-rich sediments of the eastern Puget Lowland Division of Geology and Earth Resources Bulletin 80, p. 207-218.
ate Ave\ /) \ f Qf (\f | — then sands and gravels. These sediments form the “great lowland fill’ of Booth and the Crescent Basalt/Olympic Core-rich sediments of the western Puget Bretz, J H., 1913, Glaciation of the Puget Sound region: Washington Geological
i" —— | — 2 B (1994). Ice overrode these s_edi_mer_lts, covering most of them v_vith till, or _ Lowland. Survey Bulletin 8, 244 p., 3 plates.
= e o e 4[| Lt vashonfne v sedmens—Lause ey an () Do, 1575, Qe gy and sty o i Cony,
B Padis;. Q Qp : - i b "1 . 9% | fine sandy silt with sparse, disseminated dropstones; laminated and Washington: Western Washington University Master of Science thesis,
\Vavr) 5 € impounded in these channels at different elevations above today’s sea level as commonly vertically jointed: medium gray where fresh to pale yellow
- i ice impinged on divides. The former lakebeds are presently the southernmost wh - ’ - : 175 p., 2 plates.
TD . ; . . ere dry and oxidized. In both fresh and oxidized exposures, this )
i - ! 2 : vetwork,so0 Booth, 1094, and Booth and Goldei, 1094, A thse poglacl unit is distinguished by relatively darker (chocolate brown in oxidized Drost, B. W. Turney, G. L.; Dion, M. P.; Jones, M. A., 1998, Hyrology and
MJ 1605, & lakes spi’IIed into Io;/ver—ellevation basins and channeyls near' the end osztheg exposure§) horizonte}l_bands about. Lin. thick that may represent ettty ; [ ground water Inporhern Thursto_n C_ounty, o S
: 3 Pleistocene, they deposited coarse, steeply dipping deltaic gravels along the annual winter depositional layers in a varve sequence; no more than Geo_loglcal Survey yiaer-Resources Investigations Report 52-4109
= - ins of the c)r/1anr?els and basins Sor’rr)uey of fﬁesg de ositsgcan be foungd near about 20 apparent varves were counted in any exposure, suggesting a (revised), 230 p., 6 plates.
A 8 margins o : ' P short life for the glacial lake(s) in which unit Qgof was deposited; Fairhall, A. W.; Schell, W. R.; Young, J. A., 1966, Radiocarbon dating at the
5 Steilacoom and Fort_ Lewis. S . present in deposits ranging up to 10 ft thick over much of southern University of Washington I11: Radiocarbon, v. 8, p. 498-506
Much of the drainage orlglnat!ng from the ice sheet ﬂO.WEd southward and Puget Lowland and most commonly found at elevations below about ) ' o '
g southwestward t_oward the Chehalis River. Some of the _dral_nage probably 140 ft; mapped where it is thought to be at least about 5 ft thick or Garling, M. _E.; Molenaar, Dee; and chers:, 1965_, Water resources and ge_ol_ogy
occurred as glacial-lake outburst floods as valley-blocking ice dams breached where it masks the underlying geomorphology: includes deposits of of the Kitsap Peninsula and certain adjacent islands: Washington Division of
a S:Jor;?c?nl:i(;e;;i::isliaviegntdmcuognﬂzI\g;rtircrzrc\:eidacr)lgtk?rzgzglcmZr{nseulgg\]/:/aeiéag:umve;gl glacial Lake Russell and other lakes of the Vashon glacial recession. Water Resources Water-Supply Bulletin 18, 309 p., 5 plates.
) . o ' . . . King, K. W,; Tarr, A. C.; Carver, D. L.; Williams, R. A.; Worley, D. M., 1990,
As the ice receded, northward-flowing streams near Olympia filled the deep Latest Vashon recessional sand and minor silt—Moderately well- L o : ' S
. . X . Qgos . . . Seismic ground-response studies in Olympia, Washington, and vicinity:
troughs with sandy sediments characterized by northward-directed paleocurrent sorted, moderately to well-rounded, fine- to medium-grained sand Seismological Society of America Bulletin, v. 80, no. 5, p. 1057-1078
indicators. These sediments provide evidence that drainage reorganized to flow with minor silt; noncohesive and highly permeable; thickness inferred ] o e '
northward through the recently formed outwash plain. The thickness of these from wells reaches up to 100 ft; deposited in and around the margins Lea, P. D., 1384, Pleistacene glaciation at the southern margin of the Puget labe,
sediments (unit Qgos) varies substantially throughout the area, reaching more of glacial lakes; surrounds numerous steep-walled lakes and western Washington: University of Washington Master of Science thesis,
than 400 ft just south of the map area at the Port of Olympia. depressions (kettles), evidence that this unit was largely deposited 96 p., 3 plates.
In the waning stages of the Fraser glaciation, glacial Lake Russell covered a during deglaciation when there was stagnant ice occupying much of Ludwig, K. R.; Muhs, D. R.; Simmons, K. R.; Halley, R. B.; Shinn, E. A., 1996,
large area of the southern Puget Lowland and deposited a relatively thin layer the southern Puget Lowland. Sea-level records at ~80 ka from tectonically stable platforms—Florida and
U: (1-10 ft) of fine grai_ned yarved sediments (unit Qgof) to an elevation of aboyt Vashon recessional outwash—Recessional and proglacial stratified, _ Bermuda: Geology, v. 24, n_o. 3, p. 211-214. N _
140 ft. These lacustrine s!lts (aqd rare clay_s and pgat_s) commonly overl_le_unlt Qgo moderately to well-rounded, poorly to moderately sorted outwash Mix, A_. C., 1987, The o>$ygen-|sotope recqrd of glac_|at|on. In Ruddlm_an, W. F.:
Qgos sands and Vashon till (unit Qgt). Unit Qgos is important because it is sand and gravel of northern or mixed northern and Cascade source, Wright, H. E., Jr,, editors, North America and adjacent oceans during the
g widespread throughout the populous South Sound area and appears to behave locally containing silt and clay: also contains lacustrine deposits and last deglaciation: Geological Society of America DNAG Geology of North
differently from the rest of th.e V_ashon Drift during earthquakes (Palmer and ice-contact stratified drift. Some areas mapped as unit Qgo may America, v. K-3, p. 111-125.
Lake others, 1999a.D; I_30d|e, 1992; King al_nd_ others, 1990), T instead be advance outwash (unit Qga), as it is difficult to tell the Morrison, R. B., 1991, Introduction. In Morrison, R. B., editor, Quaternary
=2 The oxygen-isotope stage 6 glaciation, caI_Ied the Double Bluff Glaciation in difference between the two without the presence of an intervening till. nonglacial geology—Conterminous U. S.: Geological Society of America
. northern Puget Sound, was probably as extensive as the stage 2 or Vashon Stade _ - _ _ DNAG Geology of North America, v. K-2, p. 1-12.
> Qp = of the Fraser Glaciation (Mix, 1987; Fig. 1). The end moraines of this glaciation - Va_lshon tIII—Unsjtratlfled and, in most exposures, highly compqcted _ ' '
= ® - ° lie a short distance beyond the inferred limit of the Vashon ice in the vicinity of 9 | mixture of clay, silt, sand, and gravel deposited directly by glacier Noble, J. B.; Wallace, E. F., 1966, Geology and ground-water resources of
El Tenino (Lea, 1984). Subglacial erosion was probably similar to the erosion that ice; gray where fresh and light yellowish brown where stained; Thurston County, Washington; Volume 2: Washington Division of Water
- 0ad [ O @ Booth (1994) documented beneath Vashon ice and would have left more unsorted and, in most exposures, of very low permeability; most Resources Water-Supply Bulletin 10, v. 2, 141 p., 5 plates.
= I 3 accommodation space for deposition during the interglacial time of oxygen- commonly matrix-supported but may be clast-supported; matrix Palmer, S. P.; Walsh, T. J.; Gerstel, W. J., 1999a, Geologic folio of the
isotope stage 5. For pre-Vashon nonglacial deposits that are radiocarbon-infinite, generally has a more gritty feel than outwash sands when rubbed Olympia—Lacey—Tumwater urban area, Washington—Liquefaction
&/\&@ o &) ap therefore, it is difficult to distinguish deposits of stage 3 from deposits of stage between fingers, due to being more angular than water-worked susceptibility map: Washington Division of Geology and Earth Resources
. ~ 5, and we have not attempted to do so in the present mapping. sediments; cobbles and boulders commonly faceted and (or) striated; Geologic Map GM-47, 1 sheet, scale 1:48,000, with 16 p. text.
O S (/ In some outcrops, however, tephras are present that provide a tool for ranges in thickness from wispy, discontinuous layers less than 1 in. to Palmer, S. P.; Walsh, T. J.; Gerstel, W. J., 1999b, Investigation of earthquake
S &ﬂ} geochemical correlation to known eruptions of nearby Cascade stratovolcanoes. more than 30 ft thick; thicknesses of 2 to 10 ft are most common; ground motion amplification in the Olympia, Washington, urban area
& i | ave o2 S A tephra found at Butterball Cove in sec. 19, TION R1E (Fig. 2) has been mapped till commonly includes outwash clay, silt, sand, gravel, or [abstract]: Seismological Research Letters, v. 70, no. 2, p. 250.
% - tentatively correlated geochemically to Mount St. Helens (Franklin F. Foit, Jr., ablqtlon_tlll th_at is too thin to substantially mask the u_nderlylpg, _ Porter, S. C.; Swanson, T. W., 1998, Radiocarbon age constraints on rates of
g O//“’o Wash. State Univ.; Andrei M. Sarna-Wojcicki, U.S. Geological Survey; Thomas rolling till plain; erratic boulders are commonly associated with tll ad’vaﬁce.,and retreai of thé’ Pu ei lobe of the Cordilleran ice sheet during the
” Rog W. Sisson, U.S. Geological Survey, personal communs., 2000-2002). At present, plains but may also occur as lag deposits where the underlying | . g g
; ie . . . e R ast glaciation: Quaternary Research, v. 50, no. 3, p. 205-213.
Qgt B Mullen | Road this tephra has not_b_eeq correlated to a specific eruption, but We_have found it at deposits fave been mpdlfled by meltwater; typically, weakly Pringle, R. F,, 1990, Soil survey of Thurston County, Washington: U.S. Soil
B several other localities in southern Puget Sound. Tephra correlations appear develop_ed n?od_ern soil has formed on the cap of Ioose_ gravel_, but the gle, K. ., ot Yy Y, gton: U.s.
Qgos ‘ promising but will require more data. underlying till is unweathered:; local textural features in the till Conservation Service, 283 p., 49 plates.
7[[3;%/ include flow banding and apophyses commonly extending 10 to 15 ft Troost, K. G., 1999, The Olympia nonglacial interval in the southcentral Puget
_ PREVIOUS GEOLOGIC MAPPING downward into underlying sand and gravel that are oriented Lowland, Washington: University of Washington Master of Science thesis,
47"102%0 30" EpET— o ) transverse to ice flow direction. 123 p.
° The glacial history and geology of south Puget Sound are well-summarized by Ice-contact deposits—Mix of deposits from undifferentiated Walsh, T. J., compiler, 1987, Geologic map of the south half of the Tacoma
Bretz (1913), who mapped the entire Puget Sound basin in reconnaissance. Qgic e p ] pos - . . . . A,
Noble and Wallace (1966, 1:72,400) produced small-scal dynamic ice and dead ice. Dynamic ice deposits include lodgment till, quadrangle, Washington: Washington Division of Geology and Earth
. o produced smati-sca & water resources i . i ite i i Resources Open File Report 87-3, 10 p., 1 plate, scale 1:100,000.
studies. The Coastal Zone Atlas (Washington Department of Ecology, 1980) d_rumllns, ar.1d advance outwash,.dead-lce deposits include abla_tlon e ’ ’ ,
Lambert conformal conic projection SCALE 1:24 000 provides mapping of a 2000-ft-wide strip along the shoreline at a scale of till, subglacw}l water flow c!eposns (_such as eske_rs), and recesspnal Walsh, T. J.; Korqsec, M. A, Phl!hps, W. M.; Logan, R. L.; Schasse,_H. W.,
North American Datum of 1927 . 055 - ? 1:24,000. Walsh (1987), Walsh and others (1987), and Palmer and others outwash; typlcally lacks thick, continuous, or Wldes_pread deposits of 1987,_Geologlc map of Washington—Southwest quadrant: Washington
Base map information from the Washington Department of 1000 0 1000 2000 3000 2000 5000 6000 7000 FEET (1999a) compiled and augmented previous mapping. Iodg_eme_nt till at the ground surface, though small till exposures and Division of Geology and Earth Resources Geologic Map GM-34, 2 sheets,
Natural Resources, Geographic Information System, and =Sm= 1'—' T‘ (')—' =" . KILOMIETER detrital full fragment§ are common; 'Fopography formed by a mix of scale 1:250,000, with 28 p. text.
_from U.S. Geological Survey digital line graphs. N = = - ——— ] MAPPING METHODS subglacial, ice-marginal, and recessional processes. Washington Department of Ecology, 1980, Coastal zone atlas of Washington;
Digital cartography by Charles G. Caruthers, Anne C. Heinitz, - . . . . Vashon advance outwash—Sand and gravel and lacustrine clay, silt, volume 8, Thurston County: Washington Department of Ecology, 1 v., maps,
and J. Eric Schuster. contour interval 20 feet For the present map, we inspected available construction site excavations, gravel Qga scale 1:24,000.

Yount, J. C.; Marcus, K. L.; Mozley, P. S., 1980, Radiocarbon-dated localities
from the Puget Lowland, Washington: U.S. Geological Survey Open-File
Report 80-780, 51 p., 1 plate.

The Washington Department of Natural Resources will not be liable to the user of this product for any
activity involving the product with respect to the following: (a) lost profits, lost savings, or any other
consequential damages; (b) the fitness of the product for a particular purpose; or (c) use of the product or
results obtained from use of the product. This product is considered to be exempt from the Geologist
Licensing Act [RCW 18.220.190 (4)] because it is geological research conducted by the State of
Washington, Department of Natural Resources, Division of Geology and Earth Resources.

well logs from Washington Department of Ecology files, and, in part, modified
from Drost and others (1998). USDA soil maps (Pringle, 1990) helped guide the
location of peats and the contacts between sandy and gravelly units. Location
accuracy of contacts is judged to be about 200 ft in general. Contacts between
some units are gradational. We have tried to consider geotechnical significance
in mapping geological units and have attempted to show units only where they
are thicker than 5 to 10 ft or mask the underlying lithology.

100 ft), well sorted, and fine to medium grained, with lenses of
coarser sand and gravel, locally called Colvos Sand (Garling and
others, 1965); generally permeable and porous with low cohesivity
relative to both overlying till and underlying pre-Vashon sediments;
prone to deep-seated landsliding where it overlies relatively
impermeable and more compact clay- or silt-rich units.
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